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Abstract 

 

Tailoring angular and spectral behaviour in 

perovskite optoelectronic devices 

 

Zher Ying Ooi 

 

Controlling the angular and spectral behaviour of light in optoelectronic devices is crucial for 

meeting the demands of advanced applications. Advanced technologies such as displays and 

optical communications require precise management of light emission, particularly in terms of 

intensity and angular dispersion. Similarly, narrowband photodetectors with fine spectral 

control are essential for applications like colour imaging and machine vision. However, current 

solutions often rely on external filters or complex optics, and approaches such as charge 

collection filtering have led to compromises in performance, colour accuracy, or response time. 

Resonant structures present an alternative solution and have been explored in materials such as 

silicon, III-V semiconductors, organic compounds, 2-dimensional materials, and quantum dots, 

showing great promise for tunability, flexibility, and enhanced performance. When combined 

with the emerging class of metal halide perovskitesðknown for their exceptional optical and 

electronic properties, including bandgap tunability through compositional engineeringð

resonant structures can offer new possibilities. Perovskites are attractive due to their ease of 

fabrication via low-cost solution-based techniques and their excellent light absorption and 

charge-carrier mobility, making them strong candidates for advanced optoelectronics. 

This thesis explores the angular and spectral characteristics, as well as the electric field 

behaviour, of perovskite materials in different structures through a combination of simulations 

and experimental studies. By sandwiching perovskite films between plasmonic metal and 

photonic crystal layers, this work investigates light-matter interactions and demonstrates 

significant improvements in photoluminescence. The optimized resonant structure achieves 

enhanced forward photoluminescence and sharp angular and spectral narrowing compared to 

unconfined perovskite films. Moreover, the thickness of the perovskite layer is fine-tuned to 
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enable precise spectral control, achieving tunability between 485 nm and 565 nm, illustrating 

a systematic approach to optimizing light-matter interactions. 

Building on these findings, the resonant structure is further developed for perovskite light-

emitting diodes (LEDs) by incorporating additional device layers to tailor both angular and 

spectral properties. The resulting LED design delivers narrow forward-directed 

electroluminescence with an angular full-width half-maximum of 36.6Á, significantly improved 

from isotropic unconfined devices, and a spectral narrowing with a full-width half-maximum 

of 12.1 nm. The versatility of this design allows it to be tuned for wide angle emission, making 

it a promising candidate for modular, low-cost, and directional light-emitting devices. 

The incorporation of resonant structures in perovskite devices extends to photodetectors, 

demonstrating a highly selective narrowband spectral response. Achieving a peak external 

quantum efficiency of 80% and responsivity of 0.41 A W-1, the resonant cavity-enhanced 

photodetector offers fast switching, low noise, broad dynamic range, and stable photocurrent. 

By adjusting the perovskite layer's thickness, the narrowband response can be tuned across a 

100 nm range, particularly between 560 nm and 660 nm, ensuring both efficiency and stability 

even in regions prone to phase segregation. This work highlights the integration of resonant 

cavity enhancement in perovskite photodetectors, paving the way for high-performance optical 

sensing, multispectral imaging, and wavelength-selective photonic devices. 

Overall, the findings demonstrate the potential of engineered optical resonant modes to 

significantly tailor the angular and spectral characteristics of perovskite LEDs and 

photodetectors, advancing their applicability in next-generation technologies.  
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Chapter 1  

Introduction  

 

The evolution of lighting and sensing technologies has been remarkable over the years. In the 

1800s to early 1900s, incandescent lamps were the primary source of room lighting. The 

semiconductor revolution in the 1960s marked a significant shift, with the emergence of solid-

state light-emitting diodes (LEDs) and photodetectors. Advances in electronics have since 

expanded their applications to include full-colour billboards, traffic lights, room lighting, 

automotive lighting, backlighting for liquid crystal displays, medical devices and wearable 

technology 1,2. The growth of light emission and detection technologies has been exponential, 

driven by increasing demands and applications ranging from general lighting to indicators, 

displays, communications and automation. Today, these technologies are essential in modern 

electronics, impacting optical communications, industrial electronics, analytical equipment, 

healthcare and autonomous vehicles 3. As smart technologies continue to advance, LEDs and 

photodetectors play a crucial role in connecting digital systems with the physical world, 

highlight the need to tailor their angular and spectral characteristics. 

Many optoelectronic materials are isotropic, meaning they exhibit the same emission and 

absorption properties in all directions. However, advanced applications demand precise control 

over colour and directional emission and absorption. This control is essential for a range of 

technologies, including high-quality displays, virtual reality headsets, optical communications, 

directional light sources, optical aligners and measuring systems, full colour imaging, machine 

vision, multi-spectral sensing  and hazard detection 4ï10. To meet these needs, innovative optical 

techniques have been developed for both LEDs and photodetectors to enhance performance 

and manage spectral and angular characteristics. These techniques involve the use of lenses, 

gratings, filters, polarisers, coatings, and the incorporation of resonant or chiral structures 

within or around the devices 11ï13. 
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In response to growing demand, new optoelectronic materials for LEDs have been actively 

developed and are now reaching commercially availability, including organic materials and 

quantum dots. Organic LEDs have established themselves as a competitor to liquid crystal 

displays, which rely on backlighting and colour filters, though they still face issues such as 

pixel ñburn-inò, short operational lifetime and limitation in colour purity compared with 

quantum dots 14,15. Quantum dot LEDs, which emerged from the discovery of quantum 

confinement in nanoscale semiconductors, offer notable advantages for displays, such as 

flexible bandgap tuning based on quantum dot size and composition, high efficiency, narrow 

spectral width, and solution processibility 16,17. Meanwhile, advancements in conventional III-

V semiconductor LEDs have shifted toward micro-LED technology, although high costs and 

complex fabrication processes present significant challenges. For photodetectors, various types 

have been developed, including charge-coupled devices, avalanche photodiodes, and newer 

optoelectronic materials like organic compounds, 2D materials, and colloidal quantum dots 18ï

20. 

Among the latest technologies, halide perovskites have emerged as a promising material for 

optoelectronics, including photovoltaics, LEDs and photodetectors. Since their introduction in 

2009, metal halide perovskites have rapidly improved in efficiency, now matching 

conventional technologies and surpassing other new-generation semiconductors 21. While 

metal halide perovskite has largely focused on solar cells, their use in photodetectors has also 

been explored 22. Since the first demonstration of perovskite LEDs in 2014, their efficiency has 

significantly improved, with red LEDs reaching 25.8% 23, green LEDs 28.9% 24, and sky blue 

LEDs 21.4% 25 at the time of writing. Advances towards narrow emission spectral width (24 

nm for sky blue LEDs), brightness (up to 470,000 cd mī2 for green LEDs), and operational 

lifetime (up to 30,000 hours for green LEDs and 120 minutes for blue LEDs) have brought 

them closer to OLED performance. Despite their high efficiency, spectral tunability, and 

solution processability, issues such as stability and challenges in large-scale fabrication 

continue to limit their commercialisation 26. 

As perovskite devices move closer to real-world applications, optimising their performance, 

tunability, and control is essential for their success in next-generation technologies. The 

exceptional properties of perovskitesðsuch as their ease of fabrication, tunable optical 

characteristics, and low-cost productionðposition them as strong candidates for applications 

in LEDs, solar cells, and photodetectors. However, to fully exploit these advantages, there are 

significant challenges that must be addressed, including enhancing their efficiency, improving 
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spectral and angular properties, and controlling their electric field behaviour. This thesis 

responds to these challenges by providing a comprehensive investigation into how the optical 

properties of perovskite materials can be engineered to improve device performance. 

Specifically, this work focuses on controlling the angular and spectral characteristics, as well 

as the electric field behaviour, through the use of optical resonant modes. By combining both 

simulations and experimental studies, the thesis aims to develop a deeper understanding of how 

these modes influence the behaviour of perovskite LEDs and photodetectors. 

Chapter 2 introduces the fundamental scientific concepts underpinning this thesis, covering 

photonic and plasmonic structures, optical resonant microcavities, light harvesting techniques, 

and light emission devices, with a focus on the potential of metal halide perovskites. Chapter 

3 provides an overview of the simulation and experimental procedures involved in device 

design and fabrication, along with the techniques used to evaluate film quality, resonance 

properties, and device performance. 

In Chapter 4, the first empirical chapter, a systematic study and protocol are established to 

investigate light-matter interactions in perovskite films. This involves placing the perovskite 

film between a planar photonic crystal and a metal layer to confine Tamm plasmon modes 

within the perovskite layer, leading to improved, more focused, and forward-directed 

photoluminescence. The results presented in this chapter provide a foundational framework 

that supports the advancements explored in subsequent chapters. 

In the next chapter, Chapter 5, the focus shifts to introducing the hybrid metal-photonic crystal 

structure into a perovskite LED device to showcase resonance confinement, resulting in precise 

angular and spectral narrowing of electroluminescence. The chapter explores the limitations of 

the LED device structure while maintaining performance, allowing for effective optimisation 

of light-matter interaction through both simulation and experimental implementation. The 

versatility of this design is demonstrated across a range of high-performance perovskite LEDs, 

making it suitable of applications that require both directionally and spectrally pure light 

sources. 

In Chapter 6, we extend the resonant structure initially designed for perovskite LEDs to develop 

a high-performance narrowband perovskite photodetector. This adaptation is driven by the 

promising potential of enhanced absorption observed under resonant conditions. The chapter 

investigates how the light-matter interaction within the resonant cavity leads to substantial 

improvements in absorption, spectral narrowing, and precise control over the deviceôs 
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tunability. By leveraging the intrinsic properties of perovskites ï such as their strong absorption 

coefficients, tunable bandgaps, and solution-processable nature ï the resonant structure enables 

the development of a photodetector that is both highly efficient and customisable for specific 

wavelengths. The chapter covers the design, simulation, and experimental validation of this 

resonant cavity-enhanced perovskite narrowband photodetector, highlighting its potential for 

advanced applications in optical sensing and imaging. 

Chapter 7 summarises the design and optimization of perovskite-based optoelectronic devices, 

focusing on angular and spectral control. It highlights advancements made through resonant 

structures and outlines the simulation, fabrication, and characterization techniques used 

throughout the thesis. Additionally, the chapter explores future research directions, including 

LED performance enhancements, wide bandgap photodetector development, and perovskite 

lasers, highlighting the promising applications of perovskite materials in advanced 

optoelectronic technologies. 

The research presented in this thesis reflects a targeted and goal-oriented effort to push the 

boundaries of perovskite-based device technology. Rather than being purely exploratory, this 

work is driven by specific objectives to optimise the performance of perovskite LEDs and 

photodetectors by focusing on their optical properties and electric field behaviour. Each chapter 

provides insights into how to engineer these materials at the structural level, exploring methods 

for enhancing the angular and spectral properties of perovskite devices to improve their 

efficiency and applicability. By addressing both the theoretical underpinnings and practical 

challenges of perovskite-based optoelectronics, this thesis highlights original approaches to 

manipulating optical resonances in devices structuresðan area that has not been fully explored 

in perovskite research. These innovations offer new strategies to fine-tune device performance 

for specific applications such as energy-efficient lighting, high-resolution displays, and 

advanced photodetectors. Overall, this work contributes to a deeper understanding of how 

engineering optical properties in perovskites can solve key challenges in next-generation 

optoelectronics.  
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Chapter 2  

Theory and background 

 

This chapter introduces the fundamental scientific topics that form the foundation of the 

research presented in this thesis. It delves into the principles of photonic and plasmonic 

structures, optical resonant microcavities, light harvesting, and light emission devices, with a 

focus on the promising role of metal halide perovskites in these areas. 

 

2.1 Optical resonance 

Optical resonance occurs when a system or structure absorbs or emits light at specific 

frequencies or wavelengths due to interactions between the incident light and the system's 

natural modes of oscillation 27. These resonant frequencies can arise from a variety of 

mechanisms, such as constructive interference, the collective oscillation of charge carriers (as 

in surface plasmons), or the confinement of light in structured media like cavities and 

waveguides. Optical resonance plays a crucial role in many optical phenomena and devices, 

including surface plasmon resonance in metallic nanoparticles, resonant cavities, waveguides, 

and photonic crystals. By carefully designing the structure of these systems, it is possible to 

manipulate and control light in highly specific ways. 

2.1.1 Photonic structures 

A widely adopted method for manipulating light involves using photonic structures, which are 

carefully engineered with periodic arrangements of materials that differ in refractive indices 28. 

As shown in Figure 2.1, photonic structures can vary in dimensionality and are classified based 

on the number of directions in which their structural periodicity occurs. When the dielectric 

constants of the materials in the periodic structures are sufficiently distinct, and light absorption 

is minimal, it becomes possible to enhance or suppress propagation of light of specific 
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wavelengths along certain directions. This is achieved through controlled refraction and 

reflection at the interfaces between the materials 28. 

 

Figure 2.1 Photonic crystal structures with periodicity in (a) one, (b) two and (c) three 

dimensions. (a-c) Reproduced with permission 29. Copyright 2021, Elsevier. Photonic band 

structures of (d) a photonic crystal and (e) a homogenous medium with refractive index n. (d-

e) Reproduced with permission 30. Copyright 2013 Science Wise Publishing. 

Consider a one-dimensional planar multilayer photonic structure, commonly known as a 

Distributed Bragg Reflector (DBR). This structure consists of alternating layers of materials 

with high and low refractive indices, precisely engineered so that each layerôs optical path 

length corresponds to one-quarter of the wavelength of the target light. This design facilitates 

constructive interference of light waves that reflect perpendicularly at the material interfaces. 

As illustrated in Figure 2.1d, this constructive interference results in the formation of a 

photonic bandgap at specific frequencies, in contrast to the continuous band structure observed 

in a homogenous medium shown in Figure 2.1e. 

As the angle of incidence increases from the normal to the material surface, the effective optical 

path for constructive interference shortens according to Braggôs law, resulting in a decrease in 

the structureôs effective interference wavelength 28. Since constructive interference is 

influenced by wavelength, angle, and optical path length, the reflection of the photonic 

structure is highly selective in terms of both wavelength and angle. This selectivity can be 

a b c

d e
1-dimensional 2-dimensional 3-dimensional
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precisely controlled by adjusting the layer thicknesses. Additionally, with a broad selection of 

available materials, photonic systems can achieve nearly lossless performance at the targeted 

wavelengths 28. 

2.1.2 Surface plasmons 

Expanding on the idea of optical resonance, another compelling phenomenon is the interaction 

of light with surface plasmons. Surface plasmons are quantized oscillations of free electron 

density in metals, occurring at the interface between a metal and dielectric with contrasting 

dielectric properties 31. A surface plasmon resonance represents a localised evanescent state 

that is strongly confined to this metal-dielectric interface 32,33. When the frequency of the 

incident light matches the natural frequency of the metalôs plasmons, the electric field of the 

light induces a charge separation in the metal atoms, creating a cloud of free-moving electrons 

34. This interaction excites the surface plasmons, leading to enhancement of electric field by 

several orders and forms intense light-matter interactions 34. 

 

Figure 2.2 Surface plasmon resonance. a, Schematic representation of surface plasmon 

resonance at a planar metal-dielectric interface. b, Schematic of localised surface plasmon 

resonance generated on metal nanoparticles. Excitation of surface plasmons in the visible 

light wavelength range is coupled using (c) a prism, (d) a waveguide and (e) gratings to 

match the surface plasmon phase with the dispersion curve. Reproduced with permission 35. 

Copyright 2021, MDPI. 

The coupling of surface plasmons with light and free electrons in metals depends significantly 

on the type of metals and its structures. For instance, bulk silver exhibits the strongest 

resonance in the visible and near-infrared regime, whereas aluminium shows the most 

a b

c d e
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pronounced resonance in the ultraviolet region, due to differences in their dissipation losses 36. 

However, surface plasmons at a flat metal-dielectric interface cannot be directly excited by 

light beams because the propagation constant of light exceeds the wavevector of light on the 

dielectric side of the interface, thus preventing phase-matching 37. In other words, the surface 

plasmon dispersion curve falls outside the light cone of the dielectric. Therefore, achieving 

phase-matching typically requires the use of prisms, gratings, waveguides, highly focused 

optical beams or near-field excitation methods, as shown in Figure 2.2 37. 

2.1.3 Tamm plasmon modes 

Building on the concept of surface plasmons, Tamm plasmons present a related yet distinct 

phenomenon. Tamm plasmons are named after physicist Igor Tamm, who initially predicted 

localised gap states at the terminated edge of a semi-infinite crystal ï originally for electronic 

Tamm states localised at crystal surfaces 38,39. Drawing from this concept, Tamm plasmons 

were first introduced in 2007 as localised resonant surface states at the interface between a 

metal and a photonic crystal 32,40. The Tamm plasmons are confined within the metal due to the 

rapid decay of the electromagnetic field into the plasmonic metal, as well as within the photonic 

crystal through constructure interference of reflected light at the material interfaces 40. 

 

Figure 2.3 Tamm plasmon resonance. a, Electric (solid line) and magnetic (dashed line) field 

profiles in a Tamm plasmon structure. b, Reflection coefficient rleft and rright at the interface. ҿ 

refers to the phase while wave propagates from left to right of the interface. Reproduced with 

permission 32. Copyright 2007, American Physical Society. 

In their initial introduction, Kaliteevski et al. established that the condition for the formation 

of an oscillating eigenmode in a layered structure is given by the equation 32: 

ὶ Ͻ ὶ ρ                   (2.1) 

a b
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where ὶ  and ὶ  are the reflection coefficients for waves propagating to the left and right, 

respectively, at a virtual interface, as shown in Figure 2.3. 

The reflection coefficient of a metal, derived from the Fresnel equations and the Drude model 

for the metalôs refractive index, approximates -1 at frequencies well below the plasma 

frequency 32. For a photonic crystal with numerous bilayers, the amplitude of the reflection 

coefficient at the Bragg frequency ï where constructive interference occurs ï approaches 1. 

The sign of the reflection coefficient depends on the refractive index of the first layer of the 

photonic crystal: it is negative if ὲ ὲ  and positive otherwise 32. Thus, the condition 

described by Equation (2.1) can be satisfied by positioning the high refractive index layer, ὲ, 

infinitesimally close to the metal interface. Since the reflection coefficients of both the metal 

and the photonic crystal vary with frequency, this condition is met only for a localised photonic 

state near the centre of the primary photonic stopband 32. 

Tamm plasmons offers several advantages over surface plasmons. They can exist in both 

transverse electric and transverse magnetic polarisations, enhancing their versatility for various 

optical applications. Additionally, Tamm plasmons exhibit a parabolic in-plane dispersion, 

resulting in a zero in-plane wave vector at the resonance condition, which allows for direct 

optical excitation ï a feature not achievable with conventional surface plasmons 32. This unique 

property enables enhanced coupling efficiency and greater flexibility in light manipulation, 

making Tamm plasmons particularly valuable for advanced photonic and plasmonic 

applications and expanding their potential for integration into a wide array of optical devices 

and systems. 

Since their initial proposal, Tamm plasmon modes have been explored in various optical 

applications, including optical coatings with dye-doped nanospheres 41, III-V semiconductor 

lasers 42, organic solar cells 43 and quantum dot-based single photon sources 44. These modes 

are more strongly localised than those in microcavities due to the intense evanescent decay of 

fields in the metal layer and the absence of microcavity spacers 45ï48. 

2.1.4 Optical resonant microcavity 

In contrast to Tamm plasmons, resonant microcavities offer an alternative approach for light 

localisation. Microcavities resonate when standing waves are confined within the cavity 

medium through constructive and destructive interference. Various configurations, such as 

nanowires, whisper gallery mode cavities, microdisks and micropillars, can be used to achieve 

this confinement 49. A widely implemented example in practical devices is the planar Fabry-
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Perot microcavity, where light is trapped between two reflective mirrors, as illustrated in 

Figure 2.4. This setup generates standing waves that enhance light-matter interactions, with 

mirrors typically made of metal or photonic crystal structures. 

 

Figure 2.4 Optical resonant microcavity. a, Schematic of planar multilayer Fabry-Perot 

microcavity, showing the electric field and standing waves formed within the cavity. b, 

Reflectance spectrum of a photonic crystal (black line) and a resonant microcavity (red line). 

Adapted with permission from reference 50. 

Microcavities that utilise mirrors made from photonic crystals, which are composed of 

dielectric multilayers, offer advantages such as low optical loss and significant design 

flexibility. The reflectivity, stopband bandwidth, and centre wavelength of the photonic crystal 

can be precisely adjusted by varying the material combinations, the number of layer pairs, and 

the thickness of each layer. Despite these advantages, fabricating photonic crystal mirrors is 

more complex than manufacturing metal mirrors, and their quality is limited by the precision 

of the fabrication process. Additionally, because the electric field can penetrate deeper into 

photonic crystal than into metals, photonic-based microcavities generally have larger modal 

volume 48. This results in weaker field confinement and lower electric field intensity 48. 

In contrast, metallic cavity mirrors are sometimes favoured for their simpler structure and lower 

fabrication costs compared to multilayered photonic reflectors 51. However, metal mirrors have 

certain drawbacks. Due to the intrinsic properties of metals, they exhibit significant dissipative 

losses, particularly at optical frequencies, which results in rapid dissipation of visible light 

energy 28. As a result, the design of metal-metal microcavities is constrained by the inherent 

optical losses of the metal and the reflectivity of metal films at different thicknesses 48. 

To address these limitations, hybrid metal-dielectric cavities present a promising alternative to 

fully metallic or fully dielectric Fabry-Perot microcavities. These hybrid cavities operate in a 

a b
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similar manner, with a standing wave creating a resonance within the cavity medium positioned 

between two mirrors ï one made of a plasmonic metal mirror and the other of a dielectric 

photonic crystal. In this setup, the metal mirror generally serves as the high-reflectivity mirror 

due to its shallow penetration depth and inherent absorption losses, while the dielectric mirror 

is employed as the lower reflectivity mirror to enable efficient light outcoupling. 

2.1.5 Weak and strong coupling regimes 

To further understand the behaviour of resonant structures, it is crucial to examine how light 

interacts with matter within the cavity or plasmonic structure, leading to different coupling 

regimes. In a resonant system, energy is exchanged between the cavityôs electromagnetic field 

and the material, resulting in light-matter interaction. However, energy is also lost from the 

system due to dissipation through radiation or absorption. The competition between the 

strength of this interaction and the rate of energy loss gives rise to two distinct coupling regime 

49. 

In the weak coupling regime, the interaction between light and matter is relatively weak, with 

energy transfer occurring more slowly compared to energy loss. This leads to enhanced light 

absorption and emission through the Purcell effect induced by the cavity, but does not alter the 

cavity modes 49. Purcell attributed this emission enhancement to an increased local density of 

states within the cavity compared to free space 49. This effect is crucial for applications 

requiring enhanced spontaneous emission without modifying the fundamental resonant 

properties of the cavity. 

As the cavity coupling strength increases and surpasses the rate of energy dissipation, the 

system reaches the strong coupling regime 49. This can be achieved by enhancing the oscillator 

strength of the emitter, increasing the electric field in the cavity, decreasing the effective cavity 

mode volume, and reducing temperature to lower emission losses 49. In the strong coupling 

regime, the interaction between a two-level emitter and the confined electromagnetic field in 

the cavity produces two new hybrid states ï upper and lower polariton states ï separated by 

Rabi splitting 49. The transition between these coupling regimes is a fundamental concept in 

cavity quantum electrodynamics and plays a crucial role in advancing quantum technologies 

and developing sophisticated photonic devices, such as low-threshold lasers, light modulators 

and optical switches 52. 
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2.2 Implementation of resonant structures in optoelectronic 

devices 

Leveraging the unique properties of light-matter interactions to enhance performance and 

functionality, resonant structures have become integral in the design and optimisation of a wide 

array of optoelectronic devices. By exploiting phenomena such as enhanced absorption, 

emission, and tunability of optical properties, these structures are utilised across diverse 

applications including optical filters, lasers, emitters and sensors. For instance, in optical filters, 

resonant structures enable precise wavelength selectivity and high-quality factor filtering, 

which are crucial for applications in communication systems and imaging 53. In lasers, they 

contribute to better mode confinement, reduced lasing threshold, and enhanced beam quality 

54. 

2.2.1 Resonant structures for emission 

Resonant structures significantly enhance emission and enable angular and spectral selectivity 

in emitters across various materials. For example, Okamoto et al. demonstrated that by 

confining surface plasmons with a metal film on an InGaN quantum well, they achieved a 7-

fold increase in the density of states, emission rate and internal quantum efficiency 55. Similarly, 

Kwon et al. improved the optical output power of their LEDs by 32.2% through the 

incorporation of silver nanoparticles into their InGaN/GaN multiple quantum wells 56. 

Additionally, Fusella et al. utilised plasmonic nanocubes to boost both the stability and 

brightness of organic LEDs 57. 

In another notable development, Tamm plasmons have been utilised to enhance optically 

excited emission. Symonds et al. first demonstrated Tamm plasmon enhanced 

photoluminescence using an InGaAs quantum well emitter deposited onto an AlAs/GaAlAs 

Bragg reflector and capped with a silver thin film 58. They achieved Rabi splitting of 11.5 meV 

at 77 K and observed photoluminescence spectra for both low and high energy polaritons 58. 

Rabi splitting refers to the phenomenon where the energy levels of a quantum system, such as 

an atom or exciton coupled strongly with a photonic mode (e.g., a cavity or plasmon), split into 

two distinct peaks due to the coherent exchange of energy between the two systems 59. Similarly, 

Gubaydullin et al. reported a significant photoluminescence enhancement by an order of 

magnitude by incorporating InAs quantum dots into the top GaAs Bragg reflector layer at the 

metal-DBR interface 60. Both studies utilised more than 25 bilayers of DBR in their designs. 
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A widely adopted structure in this field is the planar Fabry-Perot microcavity, particularly in 

resonant cavity LEDs. These LEDs are favoured for local-area, medium bit rate optical 

communication systems, and high brightness applications 61. The increased emission intensity 

and more directed emission pattern significantly enhanced the power coupled into optical fibres. 

Moreover, the higher spectral purity reduces chromatic dispersion, enabling higher bit rates. 

Compared to lasers, LEDs offer advantages such as lower cost, greater reliability, and reduced 

sensitivity to temperature variations 61. 

Although the design structure of resonant cavity LEDs may appear similar to that of vertical 

cavity surface emitting lasers, the design criteria differ significantly. To maximise the overall 

emission intensity in a resonant cavity LED, it is crucial to minimise self-absorption in the 

active region. If self-absorption is not adequately controlled, photons may be reabsorbed and 

re-emitted in waveguided modes, reducing the intensity of the emitted light from the cavity and 

diminishing overall emission efficiency in the cavity mode. Assuming the reflectance of one 

side of the mirror is 100%, the design criterion is expressed as 61: 

ς‚‌ὒ ρ Ὑ                   (2.2) 

where ‌ and ὒ  represent the absorption coefficient and the thickness of the active region, 

respectively, and ‚ is the antinode enhancement factor, which depends on the position of the 

active region. Ὑ refers to the reflectance of the opposing mirror. 

The concept of the resonant cavity LED was first realised by Schubert et al. in 1992 61 using 

an AlAs/GaAs emitter, followed by Nakayama et al. in 1993 62 with an organic emitter. Both 

studies achieved a narrower emission spectrum and enhanced light output intensity ï by a factor 

of 1.7 for AlAs/GaAs ï compared to their uncoupled counterparts. In the same year, Schubert 

et al. reported a giant enhancement in luminescence intensity, with an enhancement factor 

greater than 50, using erbium-doped silicon dioxide (SiO2) as active layer 63. They also 

observed a reduction in emission wavelength and intensity for off-normal emission angles 63. 

Additionally,  Streubel et al. demonstrated wide-angle directionality in resonant cavity 

AlGaInP LEDs, with the highest intensity at an emission angle of 30Á, suggesting that the 

cavityôs resonance wavelength is situated at the long wavelength end of the semiconductorôs 

natural emission spectrum 64. 

Since then, resonant cavities have been explored with various cavity mirrors and emitter 

materials, revealing a range of interesting properties. Dahal et al. demonstrated higher 
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harmonic modes in metal-metal cavity-driven organic LEDs with emitter thicknesses between 

99 and 362 nm 65. Zhang et al. developed a hybrid Tamm plasmon-polariton/microcavity mode 

for white organic LEDs, showing blue and orange emissions through Tamm plasmon and 

microcavity modes 66. They observed blue shifts with increasing angle but minimal changes to 

the Commission Internationale de l'£clairage (CIE) coordinates by maintaining the intensity 

ratio of the two resonance peaks 66. These resonant structures were also implemented for 

angular and spectral control in the perovskite systems, as outlined in Subsection 2.4.4. 

2.2.2 Resonant structures for photodetection 

Besides emission, resonance structures have been designed for sensing applications, benefiting 

from resonance enhanced absorption. Resonant structures have been utilised in photodetection 

since the 1990s, such as in AlGaAs-GaAs heterojunction phototransistors 67 and GaInAs-

AlInAs Schottky photodiodes 68. These photodetectors, employing resonant structures, 

demonstrated enhancements of 1.8-fold and 1.5-fold, respectively, enabling a reduced absorber 

thickness of 100 nm and 475 nm, respectively. 

Subsequently, resonant cavities were developed for photodetectors based on various absorber 

materials, including silicon 69, graphene-silicon 19, InAs/InAsSb superlattice 70, PbTe lead 

chalcogenides 71 and organic compounds 20,72ï74. These resonant cavity-enhanced 

photodetectors exhibit tunable narrowband spectral responses, dependent on cavity thickness 

and angle, with corresponding variations in intensity and spectral response. While silicon and 

III-V semiconductor-based resonant cavity photodetectors typically employ photonic mirrors 

due to epitaxial fabrication compatibility, organic-based designs often utilise full metal mirrors 

for fabrication simplicity. Siegmund et al. demonstrated that organic near-IR resonant cavity 

photodetectors achieved a quantum efficiency exceeding 20% after a 41-fold enhancement, 

with a narrowband full-width half-maximum (FWHM) of 36 nm 20. In the visible region, Wang 

et al. reported an external quantum efficiency (EQE) above 50% and a narrowband FWHM of 

90 nm using a 6 nm ultra-thin organic absorber layer 72. 

In addition to planar Fabry-Perot cavities, plasmonic confinement has been investigated for 

photodetection applications. Surface plasmon-induced hot electron injection into 

semiconductors is a notable approach, enabling photodetection at sub-bandgap energies of 

semiconductor materials 75ï77. For Tamm plasmon-coupled organic photodetectors, Mischok et 

al. achieved a maximum EQE of 17% and an FWHM of 21 nm by enhancing charge-transfer 

state absorption through a Tamm plasmon structure with 21 periods of distributed Bragg 
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reflector 78. Resonant structures have yet to be reported for perovskite photodetection, while 

alternative approaches for narrowband spectral control are being developed, as detailed in 

Subsection 2.5.4. 

These advancements in resonant cavity structures and their diverse applications across 

optoelectronic devices highlight the significant potential of resonant effects in enhancing 

device performance. From emission enhancement in LEDs to achieving precise spectral tuning 

in photodetectors, the integration of resonant structures has opened new avenues for innovation 

in optoelectronics. In light of this, it is essential to explore how these advanced concepts can 

be applied to emerging optoelectronic materials.  
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2.3 Halide perovskite as optoelectronic materials 

In recent years, halide perovskites have emerged as a particularly promising class of 

optoelectronic materials. Renowned for their remarkable optical and electronic characteristics, 

halide perovskites have attracted significant attention for their potential in diverse applications, 

including photovoltaics, light-emitting devices, and sensors. Halide perovskites characterised 

by the general formula ABX ð where 'A' and 'B' are cations and 'X' is typically a halide anion 

ð offer distinct advantages that could be integrated with resonant cavity effects to enhance the 

performance of optoelectronic devices. 

The distinctive properties of halide perovskites arise from their adaptable crystal lattice, 

enabling a wide range of elemental substitutions. This tunability enables the optimisation of 

their electronic, optical, and structural characteristics for bandgap adjustments across the 

visible wavelengths 79. One of the most intriguing aspects of halide perovskite materials is their 

ability to be processed using low-cost techniques, such as solution-based methods, which offer 

the potential for inexpensive and scalable production. Halide perovskites have demonstrated 

exceptional light absorption and charge-carrier mobility, making them a promising alternative 

to traditional optoelectronics materials. 

2.3.1 Halide perovskites as absorbers 

As an optoelectronic material, halide perovskite features a direct bandgap, meaning the valence 

band maxima and conduction band minima occur at the same momentum. The bandgap of a 

semiconductor is the minimum energy required to excite an electron from its lower energy 

bound state into a higher energy free state, where it can participate in conduction. When the 

electron is excited, the absence of electron in the bound state is refer as a hole. In general, both 

free electrons and holes that can participate in conduction are referred to as carriers. 

The direct bandgap property allows for stronger optical transitions of electrons and holes, 

resulting in more efficient absorption of light compared to indirect bandgap materials. Halide 

perovskites exhibit a strong absorption coefficient over a broad spectrum. Absorption depth, 

which describes the depth light penetrations before being absorbed, is given as the inverse of 

the absorption coefficient. Therefore, materials with long absorption depth require a very thick 

absorption layer. Absorption depth is wavelength-dependent, with higher energy light having a 

shorter absorption depth, typically absorbed at the front emitting surface. Conversely, the lower 

energy light usually travels to the rear surface before being absorbed. 
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Figure 2.5 Light excitation dynamics of a halide perovskite absorber. Reprinted with 

permission 80. Copyright 2019, Springer Nature Limited. 

As illustrated in Figure 2.5, following light absorption, the excited electrons transition to 

higher energy states and subsequently relax to the conduction band minimum. At the 

conduction band minimum, the electrons lose energy and transition back to the valence band, 

recombining with a hole (further discussed in Subsection 2.3.2). Non-radiative recombination 

losses decrease device efficiency and should be minimised. Besides, surface recombination, 

which typically limits the blue response due to front surface recombination and the near 

infrared response due to rear surface recombination, reduced absorption and short diffusion 

lengths 80. 

Additionally, the extraction of light-induced charges should outweigh the carrier recombination 

rate. The average time a carrier can spend in an excited state is referred to as the carrier lifetime 

80. Therefore, carrier transport should be optimised to maximise the charge extraction rate. 

Perovskite photovoltaics typically feature a vertical device structure, with electrodes and 

transport layers to extract carriers (more details in Section 2.5). 

2.3.2 Recombination in halide perovskites 

As the electrons are excited to the conduction band and relax, three possible recombination 

processes can occur. The recombination kinetics are commonly described by the following 

equation 80: 

Ὧὲ Ὧὲ Ὧὲ                   (2.3) 

where ὲ is the photo-generated carrier density and Ὧ, Ὧ ÁÎÄ Ὧ ÁÒÅ ÔÈÅ ПÉÒÓÔȤÏÒÄÅÒȟ ÓÅÃÏÎÄȤ

ÏÒÄÅÒ ÁÎÄ ÔÈÉÒÄȤÏÒÄÅÒ ÒÅÃÏÍÂÉÎÁÔÉÏÎ ÒÁÔÅ ÃÏÎÓÔÁÎÔÓȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 
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For a direct bandgap semiconductor, an ideal emitter should have a strong radiative 

recombination rate, where the excited electron recombines with a hole, taking the form of 

bimolecular recombination (recombination rate constant Ὧ) and emitting a photon with energy 

equal to the bandgap, as shown in Figure 2.6. If defects are present, defect-assisted 

monomolecular Shockley-Read Hall recombination (recombination rate constant Ὧ ) might 

occur, where the electron or hole relaxes to an energy state lower than the bandgap before 

recombining with a hole at the valence band. Under non-equilibrium conditions, where the 

carrier density in the conduction band is high, the trimolecular Auger recombination 

(recombination rate constant Ὧ) becomes more likely, in which the energy of a third carrier in 

the conduction band is excited to a higher energy level. If the third carrier is a phonon, an 

indirect Auger recombination can be identified. 

 

Figure 2.6 Recombination dynamics of photo-generated carriers, including radiative 

recombination, defect-assisted Shockley-Read Hall recombination, and direct and indirect 

Auger recombination. Reprinted with permission 80. Copyright 2019, Springer Nature 

Limited. 

The recombination rate constants from Equation 2.3 can be analysed from the transient 

photoluminescence decay curve or the transient absorption spectroscopy, both of which are 

important techniques for studying the recombination dynamics of optoelectronic materials 80. 

However, it is important to note that the decay lifetime analysis can be also dependent on the 

film structure. Adding layers to the film can lead to quenching, which reduces the lifetime. 

Additionally, strong resonance effects through light-matter interaction can alter the 

photoluminescence decay lifetime. 

Halide perovskite exhibits strong photoluminescence with good colour purity. The absorption 

band edge and the photoluminescence peak show a small Stokes shift 81. This can be beneficial, 

as it allows photon recycling to increase the probability of emission in an emitter 82. An ideal 
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emitter would have 100% radiative recombination, which is quantified by the internal quantum 

efficiency (IQE). Another parameter is the photoluminescence quantum efficiency (PLQE), 

which includes outcoupling emission from the film and the effect of photon recycling 82. While 

PLQE is useful for initial characterisation of the halide perovskite photoluminescence 

efficiency, it can also depend on factors such as the materialsô roughness, emission outcoupling, 

and quenching when stacked with other materials. The PLQE is defined as the ratio of the 

radiative recombination rate to the non-radiative recombination 83. 

ὖὒὗὉ
   

   
              (2.4) 

where Ὑ  and Ὑ  are the rates of radiative and non-radiative recombination, 

respectively. 

Halide perovskites as optoelectronic materials are highly valued for their efficient photon 

emission and charge extraction upon photoexcitation. However, non-radiative recombination 

losses due to defects can degrade performance. To address this, advancements such as surface 

passivation, the use of additives, and optimisation of the halide perovskite formation process 

have been implemented to minimise these losses 84. In addition to traditional 3D bulk 

perovskite, lower-dimensional perovskites structures, such as quasi-2D perovskites, pure 2D 

perovskites, and perovskite nanocrystals, have been developed to enhance charge confinement 

and further improve device performance 85. Building on these improvements, halide perovskite 

materials have gained significant attention in the field of LEDs, where their unique properties 

can be utilised for advanced applications. 
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2.4 Perovskite LEDs 

LEDs play a crucial role in modern technology by efficiently converting electrical energy into 

optical energy, a process known as electroluminescence. They are integral to a wide array of 

applications, from general lighting and displays to advanced communication systems and 

medical devices. This section explores the performance and characterization of LEDs, with a 

particular focus on perovskite-based LEDs. We will first review the key performance metrics 

and the necessary device structures to optimize these metrics. Following this, we will delve 

into the latest developments in perovskite LEDs, addressing current design challenges. Finally, 

we will examine research involving resonant cavity effects applied to various LED 

technologies. 

2.4.1 LED characterisation 

Perovskite LEDs, like conventional LEDs, exhibit a diode current density (J)-voltage (V) 

characteristic curve. The J-V curve provides insights into the diodeôs performance. If the curve 

deviates from the ideal diode behaviour, it indicates an imbalance between positive and 

negative charges. This imbalance can lead to charge-limiting conditions on the side with fewer 

charges, causing excessive accumulation on the opposite side, which may damage the device. 

To address this, the transport layers of the device are optimised to ensure balanced charge 

distribution, with their thickness typically being fixed to maintain performance.  

Once the applied voltage exceeds the turn-on threshold, the LED activates and starts emitting 

light. In perovskite LEDs, the turn-on point is specified as the voltage at which the luminance 

reaches 10 cd m-2. LED emission can be characterised by either luminance or luminous flux. 

In most reports on perovskite LEDs, luminance with unit of candela (cd) is used, which is a 

directional parameter. Luminous flux with unit of lumen (lm), on the other hand, is measured 

as 1 cd of luminous intensity over a solid angle of 1 steradian and is therefore directionless. 

For commercial display applications, efficiency is often measured in terms of current efficiency 

(cd/A), which is directional due to the importance of forward directional emission. Efficiency 

related to luminous flux is known as luminous efficacy and is measured in lumens per watt 

(lm/W). The perovskite LED community often reports EQE, which represents the ratio of 

photons to injected electrons. EQE accounts for all the photons emitted by the LED and is given 

by 82: 

ὉὗὉὪ Ὢ – Ὢ                 (2.5) 
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Several factors are essential for achieving high electroluminescence efficiency. The term 

Ὢ  refers to charge balance, indicating that the ratio of electron and hole injection currents 

should be as close to unity as possible. Ὢ  represents the probability of forming a correlated 

electron-hole pair and should be high to minimise leakage currents, which involve carriers 

leaving the diode without recombining. –  denotes the ratio of radiative recombination 

to the total recombination and should be maximise. Finally, Ὢ  reflects the efficiency 

with which generated photons are extracted from the device. 

Typical perovskite LEDs exhibit planar surface emission with angle-dependent emission 

characteristics that follow a Lambertian distribution. Given the high refractive index of 

perovskite, the outcoupling efficiency of these LEDs typically limits the deviceôs EQE. 

However, implementing effective photon management strategies can improve the outcoupling 

efficiency and could alter the angle-dependent emission characteristics for special applications. 

Consequently, measurements of angle-dependent emission will reveal the modified angular 

characteristics. 

Additionally, operating stability is crucial for LED applications. Commercial LED light bulbs 

typically have a minimum lifespan of 10,000 hours, with many extending up to 60,000 hours. 

Perovskite LEDs usually report their operating stability as the time taken for light intensity to 

reduce to half of its original when biased at a constant current density. The operational stability 

of perovskite LEDs is typically reported at low current densities and brightness levels, as there 

is a significant performance roll-off at high current bias. Although recent reports indicate that 

perovskite LEDs have shown significant improvements in operational stability 24,86, they still 

fall short of the requirements for real-world applications. Their primary limitations include 

sensitivity to moisture and air, as well as degradation due to Joule heating when operating at 

high current densities 86. 

2.4.2 Perovskite LED devices 

The structure of the LED device is crucial for efficiently injecting carriers and confining them 

within the perovskite layer. Perovskite LEDs can be configured in either p-i-n or n-i-p 

architectures, with blue and green LEDs typically using the p-i-n structure, while red and near 

infrared LEDs often employ the n-i-p configuration. The choice of configuration is based on 

the availability of transport layer materials as shown in Figure 2.7 and their compatibility with 

the perovskite energy bands, which ultimately results in optimal LED performance. 
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Typical perovskite LEDs consist of an indium tin oxide (ITO) transparent electrode, transport 

layers that guide carriers to the perovskite layer while blocking opposite carriers, an active 

perovskite emitting layer, and a metal electrode. With an effective device structure as shown in 

Figure 2.7, carriers are funnelled and confined within the perovskite layer, where radiative 

recombination occurs, leading to photon emission. It is common in perovskite LED fabrication 

to optimise the combination and thickness of the transport layer to ensure charge balance 

between the two electrodes.  

 

Figure 2.7 Energy level of perovskite device structures. a, Energy level of common transport 

layers a few perovskite examples. Reproduced with permission  87. Copyright 2017, Elsevier 

Ltd.  b, Schematic representation of direct charge injection and recombination in perovskite 

LEDs. Reproduced with permission 88. Copyright 2019, Wiley-VCH. 

Besides transport layers, optimising the thickness of the perovskite layer is crucial for 

achieving a balance between high coupling efficiency and low defect density. Typically, a 

thinner perovskite layer between 30 to 50 nm is preferred due to its higher outcoupling 

efficiency and fewer defects 89,90. In addition, blue and green perovskite precursors often have 

low saturation points, making it challenging to spin-coat thicker films. This is however not 

always the case as Kim et al. demonstrated that by tuning the thickness of the perovskite to 270 

nm thick, efficiency can be improved through photon recycling and maximising outcoupling 

efficiency 24. They achieved this by using complex mixed cations and special treatments to 

produce thick films with high PLQE to maximise the effect of photon recycling. Additionally, 

advancements in evaporated perovskite LEDs are showing potential, indicating that this 

approach may soon become viable for fabrication of thick perovskite layers. 

a b
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2.4.3 High performing perovskite LEDs 

Since the first experimental realisation of a room-temperature perovskite green LED in 2014, 

which achieved a peak EQE of 0.1% and a peak luminance of 364 cd m-2, the field has seen 

tremendous growth, highlighting its strong potential 79. To date, state-of-the-art perovskite 

LEDs have reached peak EQEs of 28.7% in red 91, 28.9% in green 24 and 21.4% in sky-blue 25. 

For example, Kong et al. introduced 3-Methoxyphenethyl-ammonium ligand to reduce the 

dimensionality of CsPbI3 perovskite, enabling bandgap tuning 91. This approach yielded a 

perovskite LED with pure red emission at 638 nm, exhibiting excellent spectral stability over 

prolonged operation and an operating half-lifetime of 127 hours at a current density of 0.5 mA 

cm-2. 

For green LEDs, Kim et al. used benzylphosphonic acid to treat a 3D complex mixed-cation 

perovskite (FA0.7MA0.1GA0.2)0.87Cs0.13PbBr3, forming core/shell perovskite nanocrystals 

approximately 10 nm in size 24. This method achieved an impressive maximum luminance of 

470,000 cd m-2 at 540 nm and the highest reported operating half-lifetime of 520 hours at an 

initial luminance of 1,000 cd m-2. The stability testôs current density, though not directly 

reported, is estimated to be around 1 mA cm-2. 

Yuan et al. reported a quasi-3D Cs-based lead mixed bromide/chloride perovskite, utilising 

bulky organic 4-fluorophenylethylammonium bromide to control dimensionality and 

bis(triphenylphosphine)iminium chloride as a surface passivation and phase-reconstructing 

additive 25. Their LED, emitting at 483 nm, achieved a half lifetime of 2 hours at 100 cd cm-2, 

with a current density around 0.1 mA cm-2. 

In general, perovskite LEDs exhibit a Lambertian emission distribution, as shown in Figure 

2.8a,b. While operational stability still requires improvement, the efficiency, luminance and 

colour purity of perovskite LEDs are highly competitive with conventional counterparts, 

indicating significant potential. As light emitting applications vary widely, achieving good 

spectral and angular control will further enhance the performance and appeal of these devices. 
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Figure 2.8 Angular properties of LED. a, Schematic representation of an LED slab 

exhibiting a Lambertian emission distribution. b, Polar plot illustrating the Lambertian 

distribution. Reproduced with permission 92. Copyright 2019, Wiley-VCH. c, Definition of the 

angle relative to the LED surface, as used throughout this thesis. 

2.4.4 Angular and spectral control 

Applications such as displays and specialised lightings that require forward emission rely on 

the use of plasmonics, photonics or microcavities to modify optical properties, thereby 

controlling the directionality and emission spectrum. These advanced techniques are crucial 

for enhancing the performance, efficiency and robustness of perovskite LEDs. For clarity, in 

this thesis, the angle orientation is defined such that 0Á corresponds to the direction 

perpendicular to the device surface, while the angle ɗ represents the solid angle measured from 

this perpendicular axis, as illustrated in Figure 2.8c. 

Building on this foundation, Miao et al. incorporated a metal-metal microcavity with a low 

dimensional organic lead iodide perovskite, which originally emits at 775 nm  93. The 

microcavity consist of a thick, total-reflection gold electrode and a semi-transparent gold 

electrode. Optical simulations revealed that the outcoupling efficiency of a reference LED 

using an ITO electrode, instead of the semi-transparent gold electrode, was 20%, but this 

increased to 30% with the resonance cavity. Consequently, the EQE and FWHM improved 

from 14.5% and 46 nm in the reference LED to 20.2% and 39 nm with the resonance cavity. 

The angular emission properties shifted from a Lambertian distribution in the reference LED 

0°

90°-90°

ʻ

LED surface

a b
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to wide-angle directionality, with the maximum electroluminescence intensity observed at 30Á, 

showing the smallest FWHM of 35.4 nm  93. 

The study also demonstrated the importance of tuning the carrier transport thickness to ensure 

efficient carrier transport while avoiding electrode quenching, achieving charge balance, and 

fulfilling all optical requirements for the resonant structure. Their EQE depended on the 

thickness of the semi-transparent gold layer, with a 15 nm thick providing a good trade-off 

between resonance strength, absorption loss, and suitable electrode thickness. However, they 

acknowledged the difficulty of meeting all optical requirements while achieving balanced 

carrier injection and transport. Thus, trade-offs were made between optical and electrical 

properties due to the limitations of metal-metal microcavities  93. 

Another example from Liu et al. demonstrates solution-processed CsPbBr3 perovskite 

microcavity exciton-polariton LEDs operating at room temperature 94. They utilised a hybrid 

metal-DBR microcavity with a SiO2 spacer to achieve the desired cavity thickness. The results 

showed a Rabi splitting energy of 64 meV and a narrow electroluminescence FWHM of 6.5 

nm. Additionally, they observed two angular dispersion branches through angle-resolved 

reflectivity at detunings of 1.1 meV, -77 meV, and -128 meV, adjusted by changing the 

thickness of ITO 94. 

The integration of resonant structures with perovskite materials in LEDs has led to significant 

advancements in controlling emission properties, enhancing efficiency, and improving device 

performance. The reported work illustrates the potential of these techniques, demonstrating 

notable improvements in EQE, emission directionality, and narrowband electroluminescence 

of perovskite LEDs through the precise engineering of resonant structures and material 

interfaces. In this thesis, the development of resonant structures in perovskite LEDs is explored 

in detail in Chapter 4 and Chapter 5. 

2.5 Perovskite photodetectors 

Photodetectors are essential components in modern technology, responsible for converting light 

signals into electrical signals through the process of photoelectric effect. Their efficiency is 

largely attributed to the strong absorption coefficient of materials like perovskite, which 

enhances their ability to detect light. This section explores the performance and 

characterization of perovskite photodetectors. We will review the key performance metrics and 

the necessary device structures to optimize these metrics. Following this, we will delve into the 
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latest advancements in perovskite photodetectors, addressing current design challenges and 

innovations. Finally, we will examine research involving spectral selectivity and structural 

modifications, analysing their impact on the overall performance of photodetectors. 

2.5.1 Photodetector characterisation 

Characterising photodetectors involves evaluating various performance metrics to determine 

their suitability for specific applications. The key figures of merit include spectral response, 

responsivity, quantum efficiency, gain, linear dynamic range, dark current, noise current, noise 

equivalent power, specific detectivity, time response, and modulation bandwidth. 

Spectral response measures how a photodetector reacts to different photon wavelength 3. Users 

should select a photodetector with a spectral response that covers the desired detection 

wavelengths, while blocking unwanted ones to improve accuracy. The spectral response can be 

broad or narrow, depending on the materialôs absorption properties, the use of filters, or specific 

structural designs. Responsivity, expressed in A/W, indicates the ratio of output electrical 

current to the input optical power, reflecting the photodetectorôs efficiency in converting light 

into an electrical signal 3. As photon energy decreases across the spectrum from blue to red, the 

number of photons per Watt of optical power increases, leading to a higher maximum 

responsivity. Meanwhile, quantum efficiency, expressed as a percentage, is independent of the 

spectrum and measures the effectiveness of converting photons into electrons. 

In some photodetectors, the photoresponse can be amplified to achieve quantum efficiency 

exceeding 100%. This amplification is quantified by the gain, which is the ratio of the output 

electrical current to the direct photogenerated current from incident photons 3. The linear 

dynamic range (LDR), measured in decibels (dB), represents the range of incident power over 

which the detector maintain consistent sensitivity 3. LDR is crucial for applications that require 

accurate measurements across a wide range of optical power levels. 

Dark current measures the flow of charge carriers through the photodetector in the absence of 

optical input 3. It depends on the type of photodetector and the operating voltage. Dark current 

determines shot noise, which impacts the sensitivity of the photodetector, especially in low-

light conditions. Noise current represents the intrinsic noise of the photodetector as a function 

of frequency 3. In addition to shot noise, which is dependent on dark current, photodetectors 

also exhibit pink noise and thermal noise. Pink noise typically dominates at low frequencies, 

while thermal noise, as its name suggests, depends on the deviceôs temperature and resistance 

and can be reduced by cooling. The theoretical noise current is calculated by summing shot and 
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thermal noise, though assuming one dominates over the other can lead to an underestimation 

of the total noise current. 

Noise equivalent power (NEP) can be calculated from the noise current and responsivity, 

representing the minimum optical power needed to achieve a signal-to-noise ratio of 1 3. The 

reciprocal of NEP, normalised to the square root of the photodetectorôs active area-bandwidth 

product, is known as specific detectivity, expressed in Jones 3. NEP indicates the minimum 

detectable power, while specific detectivity measures the sensitivity and effectiveness of the 

photodetector in detecting weak signals. These merits are commonly used to compare the 

sensitivity of photodetectors. 

Finally, the operation speed of a photodetector is typically characterised by its rise and fall time 

or frequency bandwidth. The rise and fall time represent the duration required for the 

photodetector to transition between 10% and 90% of its steady-state response 3. Frequency 

bandwidth defines the range of pulsed light frequencies a detector can resolve 3. While many 

applications require a reasonable operation speed to detect changes of light, photodetectors 

used in optical communications demand an ultra-fast response, ideally in the GHz range, to 

handle high data transmission rates. The response speed of a photodetector is constrained by 

three main factors: carrier diffusion, drift transit in the depletion region, and the capacitance of 

the depletion region 95. To enhance photodetector speed, efforts often focus on reducing 

absorber thickness, applying bias, and minimising device area to lower capacitance. However, 

these improvements can come at the expense of the photodetectorôs overall photoresponse 

strength 95. 

2.5.2 Types of photodetectors 

Photodetectors contain an absorber layer that captures light and generates electron-hole pairs. 

With the assistance of an internal or externally applied electric field, the electrons in the 

conduction band electron are directed towards the electrode, resulting in a photocurrent that 

flows through a complete electric circuit. Since photodetectors are employed in a wide range 

of applications, they are designed in various configurations, each emphasising different aspects 

of performance. Types of photodetectors include photovoltaic devices, avalanche photodiodes, 

phototransistors, Schottky junction detectors, and photoconductors, as detailed in Table 2.1. 
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Table 2.1 Description of various type of photodetectors. 

Photodetectors Description 

Photovoltaics 3 Utilise the intrinsic electric field created by a doped p-n junction to 

separate charge carriers. They operate without an external bias and 

do not provide gain. They are effective for detecting weak signals, 

are simple in structure, robust, and have low noise, but they have 

limited speed compared to avalanche photodiodes. 

Avalanche 

photodiodes 3 

Employ high p-n doping to create a strong junction electric field. 

When a high reverse bias is applied, it reaches the breakdown field, 

leading to avalanche multiplication of charge carriers through 

ionisation of lattice atoms, resulting in a gain of 10 to 1000. They 

offer high sensitivity, high gain, and fast response times in the 

picosecond to nanosecond range but often suffer from increased 

noise. 

Phototransistors 3 Feature two p-n junctions and three terminals, similar to a bipolar 

junction transistor. Illumination of the base generates a base 

photocurrent that activates and amplifies the transistor, providing a 

gain of around 2 ï 3 orders of magnitude. This makes them more 

sensitive than photodiodes, though with a slower response speed. 

Their current-voltage characteristics are nonlinear. 

Schottky junction 3 Consist of a Schottky barrier formed between a very thin metal layer 

and a doped semiconductor. Light absorption in the semiconductor 

generates electron-hole pairs, which are separated by the Schottky 

barrierôs electric field. They often require an external bias voltage to 

operate and have higher dark currents compared to photovoltaics, but 

offer faster response times. 

Photoconductors 3 Can have either lateral or vertical device structures. External bias 

creates an electric field across the semiconductor, enabling charge 

carrier collection. Light detection is achieved by changes in 

conductivity with light intensity. While photoconductors offer gain 

and have a simple construction, they generally exhibit slower speed, 

lower sensitivity, non-linearity, and limited gain.  

 

The diverse array of photodetectors, each with its unique advantages and limitations, serves 

various applications based on their performance characteristics. For instance, photovoltaics 

detectors are used in high-speed integrated circuits and environmental monitoring due to their 

high sensitivity, speed, and lack of need for external bias, which makes them both convenient 

and robust 3. Avalanche photodiodes are preferred for applications demanding high sensitivity 

and rapid response times, such as low-power fibre optics systems, high-speed communication, 

and time-resolved measurements 3. However, their operation requires high bias voltages 
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ranging from 20 V to 1000 V, leading to complex circuit designs. Additionally, the high gain 

of avalanche photodiodes can amplify not only the signal but also the noise, resulting in higher 

noise levels compared to photovoltaics. 

Phototransistors are well-suited for applications such as ultraviolet (UV) imaging, optical 

interconnects, optical switches, and remote controls 3. They effectively combine light detection 

with signal amplification, enhancing sensitivity. Phototransistors require only a small bias and 

are relatively straightforward to integrate into various electronic circuits and systems, making 

them versatile and convenient for a wide range of applications 95. Schottky junction 

photodetectors are employed in optical communications, high-speed data acquisition, and light 

detection and ranging (LIDAR) systems due to their fast response and high sensitivity 3. On 

the other hand, photoconductors are generally chosen for applications where cost-effectiveness 

and simplicity are key considerations 95. Despite their limited range of real-world applications 

due to lower performance, photoconductors are sometimes valued for their straightforward 

design and affordability. 

2.5.3 High performing perovskite photodetectors 

Perovskite materials have emerged as excellent candidates for photodetectors due to their 

strong and broad absorption coefficient across a wide spectral range. Inspired by the rapid 

advancements in perovskite photovoltaics, which demonstrated high EQE across 300 to 800 

nm range, Dou et al. reported the first solution processed perovskite photodetectors in 2014 96. 

They developed a photodetector with a photovoltaic structure that operated at zero bias, 

utilising a 300 nm thick organic lead mixed iodide chloride perovskite as the absorber layer. 

This device achieved a peak EQE of 80%, a linear dynamic range of 100 dB, and a frequency 

bandwidth of 2.9 MHz for a device area of 0.01 cm2. 

Subsequently, more broadband perovskite photodetectors have been developed. Lai et al. 

recently demonstrated a 2D/3D perovskite photodetector with a spectral response ranging from 

300 to 700 nm, achieving a peak EQE of 90%, a responsivity of 0.41 A W-1 at 630 nm, and a 

response time of 2 Õs with a device are of 0.07 cm2 фт. For high-speed applications such as 

optical communications and LiDAR, fast response times are crucial. Morteza Najarian et al. 

achieved a time response as fast as 100 ps with a reduced device area ρπρπ Õm2 98. For a 

device with an active area of 0.1 mm2, they reported an EQE up to 85 % at 850 m, a dark 

current below 10-8 A cm-2 and a noise level of 100 fA Hz-0.5 98. Additionally, Ren et al. 

demonstrated a perovskite photodetector grown on a silicon wafer with a modulation 
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bandwidth of up to 42.6 MHz, achieved by reducing the active area to ρτπςππ  Õm2, 

applying a 7.5 V bias, and enhancing carrier mobility through modified perovskite phases 99.  

In addition to solution-processed perovskite photodetectors, thick perovskite single crystal 

photodetectors have also been reported. Fang et al. demonstrated a narrowband perovskite 

photoconductor using a 1.2 mm thick perovskite single crystal, achieving a spectral FWHM 

response of 20 nm due to charge collection narrowing 22. They observed a 3% EQE and a 

responsivity of 0.014 A W-1 responsivity at 4 V reversed bias, with some photoconductive gain 

but not specified. Despite the reverse bias, the deviceôs frequency bandwidth was limited to 

just 700 Hz. Additionally, Rao et al. reported a 100 Õm thick perovskite crystal film with a 

broadband response, achieving 20% EQE at -1 V and 80% EQE at -2 V bias 100. With a large 

active area of 120 cm2, the device exhibited a speed of 110 kHz under 1 V reverse bias. Zhang 

et al. introduced a lead-free Cs3Cu2I5 photodetector with a 1.5 mm thick perovskite crystal, 

operating in the ultraviolet region and achieving a 0.3% EQE with a50 ms response time at a 

device area of 0.0625 cm2 101. 

A wide range of perovskite photodetectors have been developed, and their performance shows 

promise when compared to both commercial photodetectors and those made from next-

generation materials. The unique benefits of perovskites, such as their tunable bandgap and 

ease of solution-based processing, make them highly promising for future photodetector 

technologies. Given that perovskites are broadband materials, and many applications demand 

precise spectral response, effective control over angular and spectral characteristics is essential 

to fully exploit the potential of perovskite photodetectors in practical applications. 

2.5.4 Angular and spectral control 

There are various approaches to achieving angular and spectral control in photodetection, with 

resonant structures emerging as one of the most promising methods. Notable advancements 

have been achieved using resonant structures in silicon 69,102, III-V semiconductors 67,70,103ï105, 

organics 74,106ï109 and quantum dots 110 systems, as discussed in Subsection 2.2.2. However, to 

date, there are no reports on the application of resonant structures to enhance photodetection in 

perovskite photodetectors. Resonant-enhanced photodetection is anticipated to offer improved 

signal performance with a thinner absorber layer, allowing for faster response times without 

compromising response strength. Additionally, this approach should provide significant 

tunability in both angular and spectral responses. 
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Figure 2.9 Methods for narrowband photodetection using (a) resonant structure, (b) 

internal filtering, and (c) external filtering. Reproduced with permission 111. Copyright 2022, 

Wiley-VCH. 

On the other hand, organic and perovskite photodetectors have seen extensive reporting on 

highly acclaimed filter-less or self-filtering narrowband photodetectors, as shown in Figure 

2.9. This filter-less spectral control relies on internal filtering through charge collection 

narrowing (CCN), which is achieved by modulating charge collection. Techniques for CCN 

include inducing self-trapped states 112, introducing surface roughening 113, implementing 

unbalanced charge transport 114 and adjusting the thickness of the absorption layer in relation 

to the spectrum-dependent penetration depth 22,115ï120. Because this method depends solely on 

the absorption and electrical conduction of the active material, optimizing spectral response 

often involves a trade-off with detection performance. For instance, using a millimetre thick 

absorption layer to manage spectral-dependent charge collection typically results in a device 

with lower responsivity and slower response times 4,119,120. Consequently, this approach is 

highly dependent on the material and necessitates a thorough understanding of the absorption 

properties of the material. 

An alternative approach for achieving spectral selectivity is to use external filtering by placing 

a bandpass filter in front of the photodetector. While effective, this method can increase the 

systemôs size, cost, and mechanical complexity, while also potentially allowing ambient light 

leakage and reducing signal intensity if the filter is not perfectly optimised 121,122. To overcome 

these limitations, some systems incorporate multilayer optical filter coatings 121ï123 or specific 

absorbing materials 124ï127 directly onto the detector surface, creating filter-on-diode devices. 

In the case of perovskite photodetectors, external filtering has been achieved by adding a higher 

bandgap perovskite film outside the device structure, serving as an optically active electronic 

a b c
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dead layer to filter out short wavelengths 125. For instance, Qiao et al. reported a perovskite 

photodetector with a 50.3% peak EQE and a narrowband FWHM of 50 nm using an additional 

3 Õm thick perovskite filter layer outside the perovskite device 126. While this design 

outperformed internal filtering counterparts, it also revealed trade-offs, including lower peak 

EQE for improved off-regime filtering, limited spectral tunability, more complex encapsulation 

needs, and changes in spectral response if the perovskite filter degrades over time. 

Overall, resonant-enhanced photodetection is particularly advantageous and holds significant 

potential. Perovskite photodetectors, in particular, address limitations that conventional 

technologies cannot overcome. Therefore, the application of resonant enhancement in 

perovskite photodetection is a compelling area of research, which will be further explored in 

Chapter 6.  



 

33 

 

 

Chapter 3  

Simulation and experimental methods  

 

This chapter provides an overview of the simulation, and experimental procedures involved in 

device design and fabrication, along with the techniques used to evaluate film quality, 

resonance properties and device performance. The development process of the custom-built 

angular photoluminescence and electroluminescence setup, discussed in detail in Chapter 4, is 

summarised here with established procedures. Where simulations or experiments were 

performed by colleagues or as part of a collaborative effort, it is clearly stated. 

 

3.1 Material, film and device preparation 

3.1.1 Photonic crystal fabrication 

(fabricated by Michağ P. Nowak and Prof. Piotr Nyga, Military University of Technology, 

Poland) 

A one-dimensional photonic crystal consisting of three pairs of alternating titanium dioxide 

(TiO2)/SiO2 layers was deposited on glass substrates at the Institute of Optoelectronics, 

Military University of Technology. The thickness of each layer was TiO2: (70Ñ2) nm and SiO2: 

(90Ñ2) nm. The deposition process utilised an e-beam evaporation system (Syrus 710 Pro, 

B¿hler Leybold Optics, Alzenau, Germany) equipped with a plasma source for assistance. 

Operating under a base pressure of 2 Ĭ 10ī6 mbar, TiO2 was deposited at a rate of 0.25 nm s-1 

and SiO2 at 0.6 nm s
-1. 

3.1.2 Substrate cleaning 

Glass substrates, glass/photonic crystal substrates, commercially purchased ITO substrates 

from KINTEC, and in-house sputtered ITO substrates underwent a cleaning process involving 

detergent, deionised water, acetone, and isopropanol under ultrasonication for 10 minutes each. 
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Following cleaning, the substrates were blow-dried using a nitrogen gun and then exposed to 

15 minutes of UV-ozone treatment in a NanoBioAnalytics UVC1014 chamber. After treatment, 

the substrates were transferred into a nitrogen-filled glovebox for the subsequent spin-coating 

process. 

3.1.3 Indium tin oxide sputtering 

ITO electrodes were sputtered onto both cleaned glass substrates and photonic crystal 

substrates using a custom setup in the Class 10,000 clean room within the Electrical 

Engineering Division. The optimisation and characterisation process that led to the final ITO 

used in the devices is detailed in Subsection 5.2.3. A metal mask was employed to pattern the 

ITO electrodes, as depicted in Figure 3.1. Sputtering was conducted using an In2O3/SnO2 

(90/10 wt%) target with argon flow set to 20 sccm, pressure at 5 mTorr, and power at 40 W. 

The average sputtering rate was 3.7 nm per minute, although some variability occurred over 

time due to fluctuations in argon flow and pressure. The actual ITO thickness was verified after 

each deposition. To facilitate accurate thickness measurement, a marker line was applied before 

sputtering and rinsed with isopropanol to reveal the ITO-free area. An atomic force microscope 

(AFM) scan across original marker line allowed for precise determination of the ITO thickness. 

The conductivity of  the ITO layer, measured using a 4-poin-probe by Youcheng Zhang, was 

found to be 1800 S cm-1 for an 83 nm thick ITO layer. Substrate heating is not possible in the 

setup during the sputtering process, resulting in lower conductivity compared to commercial 

counterparts. The impact of ITO conductivity on the devices compared to the commercial 

counterparts were validated, more details in Subsection 5.2.3. 

 

Figure 3.1 Schematic of ITO pattern on glass substrate. 
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3.1.4 Hole transport layer/interlayer spin-coating 

All cleaned and UV-ozone treated substrates were transferred to a nitrogen-filled glovebox for 

spin-coating. 

Poly-TPD: Poly(4-butyltriphenylamine) (poly-TPD, Mw Ó20,000 g mol
-1) from Sigma 

Aldrich was dissolved and stirred for a few hours in chlorobenzene (CB, anhydrous, 99.8%) 

from Sigma Aldrich at a concentration of 10 mg ml-1. The resulting solution was spin-coated 

onto a cleaned ITO substrate at 4000 rpm for 30 s and immediately annealed at 100ÁC for 10 

minutes. 

PVK:  Poly(9-vinylcarbazole) (PVK, MW:25,000-50,000 mg mol-1) from Sigma 

Aldrich was dissolved and stirred for a few hours in chlorobenzene (CB, anhydrous, 99.8%) 

from Sigma Aldrich at a concentration of 6 mg ml-1. The resulting solution was spin-coated 

onto a cleaned glass or photonic crystal (as described in Chapter 4) or on top of ITO/poly-TPD 

or photonic crystal/ITO/poly-TPD (as described in Chapter 5) at 6000 rpm for 30 s and 

immediately annealed at 140ÁC for 20 minutes. 

MeO-2PACz: [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) 

from Tokyo Chemical Industry was dissolved and stirred overnight in ethanol (ƌ99.5%, 

anhydrous, 200 proof) from Sigma Aldrich at a concentration of 3 mg ml-1. The solution was 

filtered with a PTFE filter (hydrophobic, 0.22 Õm) to remove any undissolved aggregated 

polymer. The resulting solution was spread onto a cleaned ITO substrate and allowed to bind 

with the ITO for 10 seconds before spin-coating at 3000 rpm for 30 s and immediately annealed 

at 100ÁC for 10 minutes. 

PVP:  Polyvinylpyrrolidone (PVP, Mw ~ 160,000) from Sigma Aldrich was dissolved 

and stirred overnight in isopropyl alcohol (IPA, 99.5%) from Sigma Aldrich at a concentration 

of 0.125 mg ml-1. PVP serves as an ultra-thin interlayer to improve the wettability of perovskite 

precursor solution on MeO-2PACz and to remove residual MeO-2PACz. The PVP solution was 

spin-coated on top of ITO/MeO-2PACz at 3000 rpm for 30 s and annealed at 100ÁC for 5 

minutes. 

Other common hole injection layer such as poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 

(PTAA), and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4-(N-(4-sec-

butylphenyl)diphenylamine)] (TFB) have comparable refractive indices, making them 
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compatible with similar optical structures reported in this thesis. Therefore, these hole transport 

layers were also evaluated during device optimisation, which will be further discussed in 

Chapter 5 and Chapter 6. 

3.1.5 Perovskite film fabrication 

The perovskite films were spin-coated on their respective hole transport layer for film 

characterisation and device fabrication to ensure consistent perovskite growth. 

Quasi-2D CsPbBr3:  This recipe has been adapted based on the published work of Ban 

et al. 89. The perovskite precursor was prepared by dissolving lead (II) bromide (PbBr2, 

99.999%, Tokyo Chemical Industry), caesium bromide (CsBr, 99.999%, Sigma-Aldrich) and 

phenylethylammonium bromide (PEABr, >99.5%, Sigma-Aldrich) at a molar ratio of 

1:1.05:0.4 in dimethyl sulfoxide (DMSO, anhydrous, 99.9%, Sigma-Aldrich) initially at a 

concentration of 0.25 M, which was subsequently diluted to concentrations between 0.13 M 

and 0.23 M for thickness variation. Additionally, 1,4,7,10,13,16-hexaoxacyclooctadecane (18-

crown-6, Ó99%, Sigma-Aldrich) was added as additive at a molar ratio of 1.7% to PbBr2 in 

perovskite precursors in Chapter 5 to enhance the performance of perovskite LEDs. All 

chemicals were used without any further purification. The quasi-2D CsPbBr3 perovskite 

precursors (concentration between 0.13 M and 0.25 M) were spin-coated in a two-step process: 

first at 1000 rpm for 5 s, then at 4000 rpm for 55 s, followed by post-annealed at 90 ÁC for 10 

minutes.  

FA0.8Cs0.2Pb(I0.6Br0.4)3: This recipe has been adapted based on the published work of 

Xiao et al. 128. The perovskite precursor was prepared by dissolving and stirring overnight 

formamidinium iodide (FAI, Greatcell Solar), formamidinium bromide (FABr, Greatcell Solar), 

caesium iodide (CsI, 99.999%, Sigma-Aldrich), caesium bromide (CsBr, 99.999%, Sigma-

Aldrich), lead (II) iodide (PbI2, Tokyo Chemical Industry) and lead (II) bromide (PbBr2, 

99.999%, Tokyo Chemical Industry) in N,N-dimethylformamide (DMF, anhydrous, 99.8%, 

Sigma-Aldrich) : dimethyl sulfoxide (DMSO, anhydrous, 99.9%, Sigma-Aldrich) in ratio of 4 : 

1. The amounts of FAI, FABr, CsI, CsBr. PbI2, PbBr2 in 1 ml of solvent were 0.48 mol, 0.32 

mol, 0.12 mol, 0.08 mol, 0.6 mol and 0.4 mol, respectively. The dissolved precursor solution 

was then further diluted to different concentrations for thickness variation. All chemicals were 

used without any further purification. FA0.8Cs0.2Pb(I0.6Br0.4)3 perovskite precursors 

(concentration between 0.1 M and 1.0 M) were spin-coated in a two-step process: first at 2000 

rpm for 10 s, followed by 6000 rpm for 40 s. At the 10th second of the 2nd spin step, 100 Õl of 
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chlorobenzene (CB, anhydrous, 99.8%, Sigma-Aldrich) antisolvent was dripped onto the 

substrate. After completing the spin-coating, post-annealing was conducted at 100ÁC for 15 

mins. 

FAPbI3 with MACl additive:  This recipe has been adapted based on the published 

work of Kim et al. 129. The perovskite precursor was prepared by dissolving and stirring 

overnight formamidinium iodide (FAI, Greatcell Solar), lead (II) iodide (PbI2, Tokyo Chemical 

Industry) and Methylammonium chloride (MACl, Sigma-Aldrich) in N,N-dimethylformamide 

(DMF, anhydrous, 99.8%, Sigma-Aldrich) : dimethyl sulfoxide (DMSO, anhydrous, 99.9%, 

Sigma-Aldrich) at a ratio of 9 : 1. The amounts of FAI, PbBr2 and MACl in 1 ml of solvent 

were 1.65 mol, 1.8 mol and 0.6 mol respectively. The dissolved precursor solution was then 

further diluted to various concentrations for thickness variation. All chemicals were used 

without any further purification. The FAPbI3-rich perovskite precursors with various 

concentrations were spin-coated in a two-step process: first at 500 rpm for 5 s and then 5000 

rpm for 30 s. During tenth second of the second step of the spinning process, 100 Õl of 

chlorobenzene (CB, anhydrous, 99.8%, Sigma-Aldrich) antisolvent was dripped onto the 

substrate. After spin-coating, a post-annealing step was performed at 150ÁC for 15 mins. 

CsPbBr3:   The perovskite precursor was prepared by dissolving lead (II) 

bromide (PbBr2, 99.999%, Tokyo Chemical Industry) and caesium bromide (CsBr, 99.999%, 

Sigma-Aldrich) at a molar ratio of 1:1 or 1:1.5 in dimethyl sulfoxide (DMSO, anhydrous, 

99.9%, Sigma-Aldrich) initially at 0.25 M, which was then further diluted for thickness 

variation. All chemicals were used without any further purification. The CsPbBr3 perovskite 

precursors were spin coated at 4000 rpm for 60 seconds and then immediately annealed at 

70 ÁC for 5 minutes.  

3.1.6 Electron transport layer/interlayer thermal evaporation 

After perovskite fabrication, the substrates were transferred to a nitrogen-filled evaporator 

glovebox. The substrates were arranged on a substrate holder and placed inside the evaporator 

chamber, which was evacuated to 10-6 mbar before heating procedures commenced. 

TPBi and LiQ: 2,2',2''-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 

(TPBi, >99.5%) and 8-Hydroxyquinolinolato-lithium (LiQ, >99%) from Ossila were loaded 

into separate ceramic crucibles placed in respective organic source holders. TPBi was deposited 

at 0.01 nm s-1 for the initial 10 nm, followed by 0.02 nm s-1 for the subsequent 30 nm, resulting 

in a total thickness of 40 nm. After TPBi deposition, the shutter closed, the TPBi heating source 
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was turned off, and the LiQ heating source activated. LiQ was deposited at 0.01 nm s-1 to 

achieve a thickness of 3 nm. 

TPBi and LiF: The same procedure was employed for the TPBi evaporation. Lithium 

fluoride (LiF, ƌ99.99% trace metals basis) from Sigma-Aldrich was loaded into an alumina 

crucible placed on a  tantalum crucible heater (Kurt J. Lesker), fixed on a metal boat heat source. 

Following the TPBi deposition, the shutter closed, the TPBi heating source was turned off, and 

the LiF heating source started. LiF was deposited at 0.01 nm s-1 achieve at thickness of 1 nm. 

C60 and BCP:  Carbon-60 (C60) from Creaphys and bathocuproine (BCP) from Ossilla 

were loaded into separate ceramic crucibles positioned in respective organic source holders. 

The deposition of C60 started at 0.01 nm s
-1 for the initial 10 nm and increased to 0.02 nm s-1 

for the subsequent 30 nm, resulting in a total thickness of 40 nm. After completing the C60 

deposition, the sample shutter was closed, the C60 heating source was turned off, and the BCP 

heating source was activated. BCP was deposited at 0.01 nm s-1 to achieve an 8 nm thickness. 

Following the deposition of the electron transport layer and interlayer, the heating sources were 

turned off and allowed to cool until the temperature dropped to 80ÁC. The evaporator chamber 

was then vented and refilled to atmospheric pressure before opening. 

3.1.7 Metal electrode thermal evaporation 

The retrieved substrates were transferred onto an 8-pixel mask, as shown in Figure 3.2, and 

then placed into the evaporator chamber. Prior to any heating procedures, the chamber was 

pumped down to 10-6 mbar. 

Ag: A silver (Ag) pellet from Kurt J. Lesker was loaded into a tungsten boat fixed on a metal 

source. Deposition of Ag began at 0.01 nm s-1 for the first 10 nm, increased to 0.05 nm s-1 up 

to 50 nm, and then continued at 0.1 nm s-1 until reaching a final thickness of 100 nm. 

Al: Several segments of aluminium (Al) wire from Kurt J. Lesker were placed in a 

Creaphys conductive ceramic boat fixed on a metal source. Deposition of Al also started at 0.01 

nm s-1 for the initial 10 nm, increased to 0.05 nm s-1 for up to 50 nm, and then proceeded at 0.1 

nm s-1 to achieve a final thickness of 100 nm. 
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Figure 3.2 Schematic of 8-pixel metal pattern on ITO substrate. The overlapping area 

between metal pixel and ITO area is the device active area, with dimensions of σȢπ ρȢυ 

mm2. 
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3.2 Optical simulations 

In this work, optical simulations were crucial for the initial structure design and for 

understanding the experimental results. The transfer matrix model is extensively implemented 

throughout the entire thesis, while the more computationally intensive finite-difference time-

domain method is used to study the emission properties of the Tamm plasmon perovskite 

structure in Chapter 4. To run both optical simulations, the optical properties must be defined 

for each materials used. The refractive indices of most materials sourced from literature are 

presented in this section, given their standard values. However, since the optical properties of 

perovskite can vary depending on the composition and fabrication conditions, the refractive 

index of perovskite films was determined through optical measurements to ensure precision. 

3.2.1 Transfer matrix model 

(partially performed by Dr. Alberto Jim®nez-Solano and Guadalupe Vega, Universidad de 

C·rdoba, Spain) 

The transfer matrix model solves Maxwellôs equation to analyse the propagation of 

electromagnetic fields through multilayer systems 130. The MATLAB codes used in this study 

were adapted and modified from GitHub repositories, which provided the foundational 

implementation for the transfer matrix model 131. 

3.2.2 Finite-difference time-domain method 

(performed by Dr. Alberto Jim®nez-Solano, Universidad de C·rdoba, Spain) 

The emission characteristics of the structures derived from the transfer matrix model were 

analysed using commercial finite-difference time-domain software (3D Electromagnetic 

Simulator from Lumerical Inc.) 132. This analysis involved embedding isotropic emitting 

dipoles, averaged over three perpendicular orientations, within the perovskite layer to study the 

luminous power emitted from the structureôs surface. Simulations at a single wavelength (ɚ = 

514 nm) were conducted within a ς ς ρ Õm3 simulation box, with perfectly matched layers 

applied to all boundaries. The mesh grid was set to 10 nm along the x- and y-axes and 1 nm 

over the z-axis. A 2-dimensional frequency-domain field monitor was employed to obtain the 

far-field projection via Fourier transform, thus propagating the emitted radiation to a 

hemisphere 133. 
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3.2.3 Perovskite film refractive index fitting 

(fittings performed by Guadalupe Vega, Universidad de C·rdoba, Spain) 

The transmittance and reflectance of the perovskite film, covering a spectral response from 200 

nm to 1300 nm, were measured using an Agilent Cary 7000 Universal Measurement 

Spectrophotometer with the universal measurement accessory (UMA) at angles, — of 0Á, 8Á, 

20Á, 30Á, 40Á, 50Á, 60Á for both s and p-polarisation. To ensure consistent perovskite growth as 

applied in the photodetector device, the perovskite film was deposited on the ITO/hole transport 

layer. A code based on the transfer matrix method was utilized to derive the spectral response 

of the perovskite complex refractive index (n + ik) following the Forouhi-Bloomer model моп. 

The refractive index was determined by fitting the angular response of the reflectance and 

transmittance spectra. This fitting process utilized a genetic algorithm to optimise the complex 

refractive index fitting, incorporating the thicknesses of the various layers in the structure as 

fitting parameters. The resulting refractive indices of quasi-2D CsPbBr3, used in Chapter 4 and 

Chapter 5, and FA0.8Cs0.2Pb(I0.6Br0.4)3 used in Chapter 6 are presented in Figure 3.3. The 

acquired refractive indices were validated through optical measurements against multiple 

parameters, including variations in perovskite thickness and perovskite films deposited on or 

sandwiched between different device layers, to ensure accurate simulation fitting with 

experimental results 

 

Figure 3.3 Fitted refractive index of perovskite films. (a) Real refractive index, n, and (b) 

imaginary refractive index, k, of quasi-2D CsPbBr3 and FA0.8Cs0.2Pb(I0.6Br0.4)3 films. 

3.2.4 Refractive index of other materials 

The refractive indices of other materials used in the structure, such as glass, TiO2, SiO2, ITO, 

poly-TPD, PVK, TPBi, C60 and Ag, are shown in Figure 3.4. These materials were 
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commercially purchased with suppliers detailed in Section 3.1 and assumed to be standard; 

hence, their values were sourced from existing literature. 

 

Figure 3.4 Refractive index of all other materials. (a) Real refractive index, n, and (b) 

imaginary refractive index, k, of glass 135, SiO2
 135, TiO2 

135, ITO 136, PVK 137, TPBi 136, C60 
138 

and BCP 139 sourced from existing literature. (c) Real refractive index, n, and (d) imaginary 

refractive index, k, of metals including silver мпл, aluminium мпм and gold мпл sourced from 

existing literature. 

To demonstrate the versatility of the proposed structures, optimised configurations were 

presented through simulations for red, green and blue, covering the entire visible range. 

Therefore, the refractive index of sample perovskites with bandgaps within red and blue spectra 

was sourced from existing literature, as shown in Figure 3.5. The red perovskite presented here 

is a CsPbBrI2 nanocrystal, while the sky-blue perovskite is a quasi-2D 

PBABr1.4(Cs0.7FA0.3PbBr3) 
142. 
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Figure 3.5 Refractive index of red and sky-blue perovskites. (a) Real refractive index, n, and 

(b) imaginary refractive index, k, of red 142 and sky-blue 142 perovskites sourced from existing 

literature.  
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3.3 Film and resonance structure characterisation 

3.3.1 Photoluminescence quantum efficiency 

The PLQE of perovskite films, reference structures and Tamm plasmon structures was 

evaluated using a continuous wave laser at 405 nm wavelength. The laser beam, with excitation 

intensities ranging from 3 to 167 mW cm-2, was directed into an integrating sphere through a 

small aperture, where it struck the sample positioned at the sphereôs centre. The interior of the 

integrating sphere was coated with white polytetrafluoroethylene paint to ensure uniform 

diffusion and dispersion of light intensity before collection by an optical fibre connected to an 

Andor iDus Si detector. 

An integrating sphere is necessary to map the angular distribution of the thin film 

photoluminescence. PLQE, denoted as –, calculations were based on spectral results acquired 

from three integrating sphere configurations: an empty sphere (configuration A), a sphere with 

the sample but the laser directed at the sphere wall (configuration B), and a sphere with laser 

beam focused directly on the sample (configuration C). Signals from configuration B composed 

of both scattered laser light and light emitted after the absorption of scattered laser light. In 

contrast, configuration C displays signals from a combination of directly excited laser light, 

reflected light from the sample, absorbed laser light, and transmitted light through the sample. 

By utilising these three measurement configurations, the calculated PLQE considers the 

absorption properties of the samples without requiring separate measurements for reflectance 

and transmission, irrespective of the sampleôs reflective characteristics. The PLQE calculation 

is simplified following the equation 83: 

–            (3.1) 

where ὒ and ὖ refer to the laser profile and emission profile in the spectra, respectively, and 

subsets ὥȟὦȟὧ correspond to their respective configuration (A, B, C). 

3.3.2 UV-visible spectroscopy 

The specular transmittance and absorbance of films were characterised using a dual-beam UV-

visible spectrometer (Shimadzu UV-3600Plus). Given a small sample size, black masks were 

cut from black cards to match the sample dimensions and define a smaller beam size. Therefore, 

baseline measurements were taken with the black mask in place. Without altering the mask 
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position, the sample was then added, and measurements were recorded. The UVProbe software 

calculated transmittance and absorbance using the following equations 143: 

ὝὶὥὲίάὭὸὸὥὲὧὩρππϷ                 (3.2) 

ὃὦίέὶὦὥὲὧὩὰέὫὝὶὥὲίάὭὸὸὥὲὧὩ                (3.3) 

where Ὅ  refers to the transmitted radiation through the sample, and Ὅ  refers to the incident 

radiation acquired during baseline. The absorbance accounts for both the film's absorption and 

scattered light, making it dependent on the film's roughness and reflectivity. 

Given the thick silver layer in the resonance structure, minimal light transmission occurs. 

Therefore, the resonance wavelength was measured via reflectance using an integrating sphere 

attachment (Shimadzu ISR-603). Total reflectance was measured at the 8Á offset aperture to 

ensure the specular and diffuse reflected light remained within the integrating sphere. Baseline 

measurements were taken with a black mask and a 100 nm thick evaporated silver mirror as a 

reference plate, due to the sampleôs high reflectivity. The mask position remained fixed 

throughout the measurement. 

Another important optical property is the absorptance which can be calculated as: 

ὃὦίέὶὴὸὥὲὧὩρππϷὝὶὥὲίάὭὸὸὥὲὧὩϷ ὙὩὪὰὩὧὸὥὲὧὩϷ              (3.4) 

where the total transmittance and total reflectance were measured using the integrating sphere 

and calculated based on the equation. Since the absorptance excludes all scattered light and 

reflectance, this parameter more accurately represents the true absorption of the film. 

3.3.3 UV-visible angular transmittance and reflectance 

Midway through my PhD, our lab acquired a new Agilent Cary7000 Universal Measurement 

Spectrometer. This new UV-vis spectrometer is equipped with a Universal Measurement 

Accessory that enables more comprehensive angular-dependent analysis. The accessory 

features independent rotation of the sample holder and detector, as illustrated in Figure 3.6. 
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Figure 3.6 Photo of Agilent Universal Measurement Accessory sample chamber. 

In Chapter 6, the angle-dependent resonance wavelengths were measured by varying the 

sample holder angles, — at 7.5Á, 15Á, 22.5Á, 30Á, 45Á, 60Á, with specular reflectance captured 

by positioning the detector at 2— Ȣ For determining the perovskite film refractive index, 

transmittance and reflectance measurements were conducted with the sample holder set at 

angles — of 0Á, 8Á, 20Á, 30Á, 40Á, 50Á, 60Á, for both s and p-polarisation. Transmittance was 

measured with the detector fixed at 180Á, while reflectance was recorded with the detector at 2 

— Ȣ For all measurements, the baseline was established at 100% transmittance without any 

reference. 

The UV-visible optical measurements from varying film multilayers and layer thicknesses were 

compared with transfer matrix model simulations to verify film thickness, refractive indices, 

and the accuracy of the simulations. 

3.3.4 Atomic force microscopy (AFM) 

The film thicknesses were measured by scanning the depth of a scratch made on the film with 

a razor blade. This scan was conducted using a Bruker Dimension Icon AFM equipped with a 

silicon tip on Nitride lever (Bruker Scanasyst-Air cantilever, spring constant 0.4 N m-1) in peak 

force tapping mode. Data analysis was conducted using WSxM 5.0 software 144. 
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3.3.5 Hyperspectral microscopy 

(performed by Dr. Kyle Frohna) 

Microscale reflectance of photonic crystal substrates and photoluminescence of perovskite 

structures were measured using a hyperspectral microscope (Photon Etc. IMA). For reflectance 

measurements, a lamp light was focused on the sample through a condenser from below, 

collected by an objective lens (Olympus MPLFLN20x with NA of 0.45), and detected by a 

CCD camera. The reflectance of photonic crystal was calibrated against a standard calibration 

mirror. 

Photoluminescence of perovskite structures was excited using a 405nm continuous laser. 

Hyperspectral microscopy data were collected using an Olympus MPLFLN20x with NA of 

0.45, which corresponds to a collection angle of 26.7Á. The collected data were analysed using 

the open-source Python framework Hyperspy 145. 

3.3.6 Cross-section of structures 

(performed and analysed by Dr. Jordi Ferrer Orri and May Ching Lai) 

The TEM lamella cross-section was prepared using an FEI Helios Nanolab Dualbeam 

FIB/SEM according to standard procedures 146. The lamella was transferred with minimal air 

exposure into an FEI Osiris TEM operating at 200 kV and approximately 140 pA beam current. 

High-angle annular dark-field imaging (HAADF) images were acquired with a Fischione 

detector at a camera length of 115 mm, a dwell time of 1.9 Õs, and a spatial sampling of 0.7 

nm per pixel. Scanning transmission electron microscopy (STEM)-energy-dispersive X-ray 

spectroscopy (EDX) maps were collected using a Bruker Super-X silicon drift detector with a 

collection solid angle of Ɔ0.9 sr, a dwell time of 50 ms, a spatial sampling of 5 nm per pixel, 

and a spectral resolution of 5 eV channel per channel and denoised using PCA/NMF, retaining 

the first 8 components. Data processing was done using HyperSpy v1.6.1, a Python-based 

analysis suite for hyperspectral data 145. 

3.3.7 Time-resolved photoluminescence 

Time-resolved photoluminescence at fluence from 0.01 to 5 nJ cm-2 pulse-1 was conducted 

using a photoluminescence spectrometer (Edinburgh Instruments FLS1000). A 405 nm pulsed 

laser with pulse width of approximately 50 ps and a repetition rate of 2 MHz was directed onto 

the samples at angles of 45Á and 60Á, with emissions collected between 45Á and 30Á, 
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respectively, using a 1 nm slit bandwidth. Time-resolved emission scans were performed by 

sweeping the collection wavelengths from 490 to 520 nm in steps of 5 nm. Measurements were 

conducted on both unencapsulated and encapsulated samples in air, yielding comparable results 

in both cases. 

3.3.8 Angle dependent photoluminescence and electroluminescence 

(set-up support from Dr. Krzysztof Gağkowski and Dr. Tomi Baikie) 

The macroscale angular photoluminescence and electroluminescence were measured using a 

custom-built setup as shown in Figure 3.7. The development of this setup, as outlined in 

Subsection 4.2.7, has undergone several improvements, with the version presented here being 

the final configuration. For photoluminescence measurements, a 405 nm continuous wave laser 

and the sample were fixed on an optical table with the excitation angle normal to sample surface 

in x-y direction and at 20Á above in the z-direction. The laser beam was focused on the sample 

using a lens (f = 1000 mm) with a power density of 0.5 W cm-2. For electroluminescence 

measurements, the perovskite LEDs were driven by a Keithley 2400 source meter at a constant 

current density of 0.44 mA cm-2. 

Both PL and EL spectra were captured by a spectroscopy camera (Andor iDus DU420A Si 

detector) connected to a fibre collimator (Thorlabs F220SMA-532) via an optical fibre. The 

fibre collimator was fixed on an automated rotating stage (Thorlabs PRMTZ8 Motorised 

continuous rotation stage, Thorlabs K-Cube DC servo motor controller), positioned 10 cm 

away from the sample to maximise angular resolution while ensuring sufficient fluorescence 

collection. 
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Figure 3.7 Setup for angular photoluminescence and electroluminescence. a, The optics in 

blue focused a 405 nm excitation laser on the sample. The sample was excited at 

approximately 20Á above the sample and perpendicular to it in the x-y plane. The sample 

holder, shown in green, was fixed on the optical table with the sample positioned directly 

above the centre of the rotating stage. The fibre collimator connected to the detect, shown in 

red, was aligned perpendicular to the sample in z-plane and rotated 180Á around the sample 

at 100 mm radius. b, Photograph of the mirror, lens, fibre collimator, rotation stage, and 

sample holder of the angular PL setup. c, Photograph of the fibre collimator, rotation stage, 

and sample holder of angular EL setup. 

PL and EL spectra were recorded at intervals of 1Á and 5Á, respectively, with scan rates of 3Á s-

1 and 5Á s-1. The PL and EL stability were suitably stable over measurement time of 60 s and 

36 s, respectively, under continuous excitation at 0.5 W cm-2 for PL and 0.44 mA cm-2 for EL. 

Furthermore, ensuring angular measurements are not affected by degradation involves 

collecting PL and EL emissions from one end to the other (e.g., from -90Á to 90Á), thereby 

verifying the symmetry of curves showed presence of degradation. For both PL and EL 

measurements, all 4 edges of the samples were masked with a black tape to eliminate emission 

from the sample edge. 

The emission across the solid angle was calculated based on the angular PL and EL 

measurements using the equation derived from Archer et al. 147. 
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Ὅ  Ὅ
᷿ ȟ

᷿ ȟ
ίὭὲ—Ὠ—                (3.5) 

where ‌ is the solid angle of interest, Ὅ   is the PL or EL intensity, Ὅ is the forward 

intensity, Ὓ‗ȟ— is the spectral radiant intensity. 

3.3.9 Back focal plane Fourier microscopy 

(set up, measured, and analysing code written by Dr. Simon Kahmann) 

In Fourier plane imaging, the intensity distribution of light at the back focal plane of a 

microscope objective lens is imaged, as shown in Figure 3.8a. This method encodes 

information in angular coordinates, unlike the real plane imaging which captures resolution in 

spatial coordinates 148. Thus, Fourier microscopy is particularly valuable for applications 

involving the study of radiation patterns from single quantum emitters 149, nano-antennas 150, 

cavity coupling 151, and other related fields. 

In this thesis, Fourier imaging is employed to analyse the angular photoluminescence pattern, 

complementing the results obtained from the angular photoluminescence setup. Figure 3.8 

illustrates the experimental setup, which includes an Olympus MPlanFL N 100x BD objective 

lens with NA = 0.9, a Thorlabs DMLP425 long-pass dichroic mirror, a Bertrand lens mounted 

on a flip mount, a Thorlabs TTL180-A tube lens, a long pass filter, a slit and a Teledyne 

Princeton Instruments SpectraPro HRS-500 imaging spectrograph. 
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Figure 3.8 Fourier microscopy setup.  a, Schematic of Fourier microscopy setup adapted 

from 152. b, Photography of experimental setup. Picture showed cryo-sample holder in place, 

which was removed for room temperature measurements. The Bertrand lens was attached to 

a flip mount to interchange between real plane and Fourier plane imaging. 

The Fourier plane image provides information in the spherical ɗɊ-coordinate, illustrated in 

Figure 3.9a and c. The outer circle or the maximum angle, ɗ, is determined by the numerical 

aperture (ὔὃ of the objective lens, which is defined by: 

ὔὃ ὲẗίὭὲ—                   (3.6) 

where ὲ refers to the refractive index of the medium. 

Given ὔὃ of the objective lens, the maximum angle ɗ of the Fourier image acquired using the 

setup shown in Figure 3.8b is 64Á. Since the resonance structure proposed in this thesis lacks 

feature dependent on the Ɋ-coordinate, the Fourier image is expected to exhibit a uniform 

pattern in the Ɋ-coordinate. Consequently, a centrally focused pattern is anticipated for 

forward-emission, while a ring-like pattern is expected for wide-emission directionality. 
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Figure 3.9 Interpreting the Fourier plane image. a, A cartesian xyz-coordinate system 

defining the geometry of a sample nano-antenna structure and the air-dielectric interface, 

with the spherical ɗɊ-coordinate system indicating the emission direction. b, Polar plots 

showing the emission patterns of the sample nano-antenna structure from finite-element 

method simulation. The red line represents the emission pattern in yz-plane (Ɋ = 90Á), and 

the blue line represents the emission pattern in the xz-plane (Ɋ = 0Á). c, The Fourier plane 

image depicting the emission pattern of the sample nano-antenna. Inner and outer black 

circles mark the critical angle of the air-glass interface and the NA of objective lens, 

respectively. (a-c) Adapted from reference 152. d, The Fourier plane image of the sample 

nanowire structure, with slit opening indicated by black lines in the centre. kx and ky represent 

the in-plane momentum vectors. e, The slit-filtered Fourier image near kx/k0 = 0, dispersed to 

obtain spectral information. (d-e) Adapted from reference 151. 

Another interesting analysis involves performing back focal plane spectroscopy by selectively 

filter a portion of the back focal plane image using a slit positioned before the spectrometer, as 

illustrated in Figure 3.8. This technique offers a distinct method for measuring the coupling 

strength and efficiency of nanocavities, which exhibit specific wavevector signatures as shown 

in Figure 3.9d-e 151. It is important to note the trade-off between the throughput and resolution 

of the spectrum based on the width of the slit. A wider slit enhances intensity by allowing more 

light to pass through, whereas a narrower slit improves the spectral resolution, enabling the 

differentiation of  specific wavevectors within the emission spectrum 148.  

ba c

d e
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3.4 Device characterisation 

3.4.1 LED performance 

The perovskite LEDs were encapsulated in a nitrogen-filled glovebox using UV-cured resin 

and glass. Measurements were conducted under ambient conditions with the LED measurement 

setup from the Optoelectronics group at the Cavendish Laboratory, which is accessible to all 

LED device makers within the group. A Keithley 2400 source meter was used to power the 

perovskite LEDs and to measure the current densityïvoltage characteristics. A calibrated 

circular silicon photodiode, positioned 10 cm above the LED surface and centred over the light-

emitting pixel, measured the emitted photon flux. The luminance of the perovskite LEDs was 

calculated based on their emission function and the known spectral response of the silicon 

photodiode. The EL spectra of the devices were recorded using a Labsphere CDS 610 

spectrometer. The current efficiency was determined as the ratio of forward luminance to 

current. 

Since the photodiode was centred over the light-emitting pixel, the solid angle of emission 

captured by the photodiode was calculated based on the distance between the photodiode and 

the LED, as well as the diameter of the silicon photodiode. Within the group, a Lambertian 

emission pattern is typically assumed; thus, the EQE can be estimated from the collected solid 

angle. However, due to the angle-dependent electroluminescence of the LEDs discussed in this 

thesis, the EQE was calculated considering the angular-resolved emission using the equation 

from Archer et al. 147. 

– ὠ ρππ
᷿ ȟ

᷿ ȟ

᷿ ȟ

᷿ ȟ
ίὭὲ—Ὠ—            (3.7) 

where  ὠ , Ὑ , ὃ  denote the voltage, resistance, and area of photodiode, respectively. ὶ 

represents the distance between photodiode and perovskite LED. Ὓ‗ȟ— refers to the measured 

spectral radiant intensity at angle —. Ὑ‗ represents the photodiode responsivity to different 

wavelengths. Ὅ  signifies the current passing through the perovskite LED. The symbols ή, 

Ὤ , and ὧ  denote the unit charge, Planckôs constant and the speed of light respectively. The 

spectral radiant intensity at angle — is derived from the angle-dependent electroluminescence 

measurement. 
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3.4.2 Photodetector response 

Given that photodetectors are not the primary focus within our group, setting up the custom-

built characterisation setup was necessary for the photodetector characterisation described 

below. 

The current-voltage curve and dark current of photodetectors were measured using a Keithley 

2450 Source Measure Unit. The linear dynamic range (LDR) was separately assessed for low 

and high incident light powers, defined as: 

ὒὈὙςπὰέὫ                   (3.8) 

where are Ὅ  and Ὅ  represent the upper and lower current bounds of the linear response. 

For the low-power range, a xenon-quartz tungsten lamp was used, with the lamp intensity 

adjusted using optical density filters. The response was captured via the Bentham 474 

transformer, ultra-low noise pre-amplifier, and Bentham 496 lock-in amplifier. The high-power 

range employed the Thorlabs L638P150 laser with intensity adjustments made using optical 

density filters, and measurements were conducted using the Keithley 2450 Source Measure 

Unit. 

The photodetector responsivity spectrum (in A W-1) was measured using the Bentham PVE300 

system across the 300 nm to 750 nm spectral range with step sizes of 2 nm and 5 nm. This 

setup included a xenon-quartz tungsten halogen dual source and a single monochromator. 

Device responses were amplified using the Bentham 474 transformer, ultra-low noise pre-

amplifier, and Bentham 496 lock-in amplifier. Calibration was performed using a silicon 

reference cell. 

Angle-resolved responsivity measurements were conducted by placing the device on an 

adjustable angle plate (Thorlabs AP180) at angles of ɗ = 7.5Á, 15Á, 22.5Á, 30Á, 45Á and 60Á 

relative to the excitation beam, then following a procedure similar to the photodetector 

responsivity measurements described earlier. Calibration was ensured using a silicon reference 

cell at corresponding angles, maintaining constant device area for both the reference cell and 

perovskite photodetector with the assistance of a metal mask. 

Responsivity, Ὑ and ὉὗὉ were defined as function of: 

Ὑ                    (3.9) 
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ὉὗὉ Ὑ                  (3.10) 

where Ὤ is Planckôs constant, ὧ is the speed of light, ή is the elementary charge, and ‗ is the 

wavelength. 

Photocurrent stability was evaluated using a Bentham PVE300 system under fixed excitation 

at 635 nm. The noise current of the photodetectors was measured using a Moku:GO spectrum 

analyser from Liquid Instruments. The shot noise was determined by: 

Ὥ ςήὍ                  (3.11) 

where Ὥ  has units of ὃȾЍὌᾀ, with ή being the elementary charge. The thermal or Johnson 

noise was calculated as: 

Ὥ                  (3.12) 

where Ὧ  is the Boltzmann constant, Ὕ  is the temperature in Kelvin, and Ὑ   is the shunt 

resistance of photodetector. Ὥ  also has units of ὃȾЍὌᾀ. The total theoretical noise was 

derived from: 

Ὥ Ὥ Ὥ                 (3.13) 

Specific detectivity, Ὀᶻ  in Jones was computed from responsivity Ὑ , Ὥ   (in ὃȾЍὌᾀ ), and 

the deviceôs active area ὃ: 

Ὀᶻ
Ѝ Ѝ

                 (3.14) 

From the specific detectivity, the noise equivalent power (ὔὉὖ can be calculated.  

3.4.3 Photodetector frequency response 

(set-up and performed by Shenyu Nie) 

The photodetector was stimulated with modulated light emitted from a laser (Osram PL450B 

or Thorlabs L638P150), positioned one meter away in free space and driven by an Agilent 

33250A Function Generator (square wave, 50% duty cycle at certain frequency). The resulting 

photodetector response was measured using an oscilloscope (Tektronix DPO 3032) to analyse 

the rise and fall times, defined at 10% and 90% of the square wave step height. 
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The frequency response of the photodetector was assessed using a vector network analyzer 

(Keysight FieldFox N9913A). While the laser was biased by a source meter to its direct current 

operating point, a -10 dBm radio frequency signal from the vector network analyser was 

combined with the direct current signal using a bias-tee. The optical signal received by the 

photodetector was then fed back into the vector network analyser, enabling direct acquisition 

of the deviceôs frequency response and bandwidth using the scattering parameter S21. 
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Chapter 4  

Customising Tamm plasmon modes in 

perovskite structures 

 

In this chapter, a systematic study and protocol are developed to explore light-matter 

interactions in perovskite film. The structural design involves sandwiching the perovskite film 

between a planar photonic crystal and a metal layer, resulting in enhanced, narrowed, and 

forward-directed photoluminescence. The findings presented in this chapter serves as a 

foundational framework supporting the developments in Chapter 5 and Chapter 6. 

 

 

 

The content in this chapter has been adapted from Ooi, Z. Y. et al. Strong angular and spectral 

narrowing of electroluminescence in an integrated Tamm-plasmon-driven halide perovskite 

LED. Nat. Commun. 15, 5802 (2024) 153. The work presented here contributes to the 

development of the forthcoming publication by Ooi, Z. Y. et al. Resonant cavity effect for 

spectrally tunable and efficient narrowband perovskite photodetectors. ACS photonics, under 

revision (2025) 154. The design of photonic crystal and Tamm plasmon perovskite structure was 

simulated by Dr. Alberto Jim®nez-Solano (Universidad de C·rdoba, Spain). The photonic 

crystal substrates were fabricated by and purchased from Michağ P. Nowak and Prof. Piotr Nyga 

(Military University of Technology, Poland). Both simulations and fabrication of photonic 

crystals were led by Dr. Miguel Anaya and Dr. Krzysztof Gağkowski prior to the start of my 

PhD. I performed all other experiments and data analysis, unless otherwise specified. 

Additionally, I replicated Albertoôs simulation and conducted further simulations to understand 

my experimental findings and refine the structure to better align with my experimental results.  
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4.1 Introduction: Light interaction with material structures 

Conventional approaches to photon management include the use of plasmonic waveguides 155ï

161, photonic cavities 162ï166, and hybrid cavities 167. Plasmonic waveguides offer strong light 

confinement, leading to significant enhancement of the optical field and optical forces. 

However, the presence of plasmonic metal attenuates electromagnetic fields, resulting in a 

short-ranged plasmonic effect 168,169. Photonic systems, while offering longer-range 

interactions, generally exhibit lower confinement across the emitting layer compared to 

plasmonic systems 167,170. Thus, a hybrid plasmonic-photonic structure that combines long-

range interaction with strong confinement is highly attractive. 

Tamm plasmons are localised surface states that are confined at the interface between metal 

(plasmonic) and a photonic crystal, with the metal directly deposited on the high refractive 

index layer of the photonic crystal 32,40. The resonance of Tamm plasmons can be adjusted 

throughout the photonic stopband of the photonic crystal by varying the thickness of the high 

refractive index layer at the interface 40. Unlike conventional surface plasmons, Tamm 

plasmons exhibit both transverse electric and magnetic mode polarisations and have dispersion 

within the light cone, enabling optical excitation without the need for additional optical prisms 

or gratings 40. These modes are found in simple planar structures that are relatively 

straightforward to fabricate, design and tune, making them easily adaptable into device 

architecture. 

This chapter outlines the development of a hybrid metal-photonic crystal structure 

incorporating a perovskite film. The design process includes selecting materials for each layer 

and optimising the thickness and number of layer pairs in the photonic crystal. A systematic 

approach is developed for precise control of films fabrication, aligning simulation results with 

experimental structures. Optimal measurement conditions are identified to showcase the 

angular and spectral photoluminescence response. The structure demonstrates enhanced 

forward photoluminescence by a factor of 2.6 within a solid angle of Ñ15Á using the narrow-

angle-Tamm-plasmon-perovskite structure, achieving strong angular and spectral narrowing 

with angular and spectral FWHM of 44.7Á and 16.9 nm respectively. Additionally, the Tamm 

plasmon resonance wavelength shows strong and precise tunability between 485 nm and 565 

nm by fine-tuning the perovskite thickness from 20 nm to 54 nm. The structure exhibits a 

gradual increase in directionality angle as the Tamm plasmon resonance wavelength exceeds 

the original perovskite photoluminescence wavelength. 
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4.2 Development of Tamm plasmon perovskite structure 

Among the various possible planar light-matter interaction structures, hybrid metal-photonic 

crystal structure was selected for several reasons: 1) they are compatible with conventional 

high performance perovskite device structure featuring one ITO electrode and one metal 

electrode; 2) they show a balance of good confinement and low outcoupling absorption loss 

compared to both DBR-DBR and metal-metal microcavities, which excel in one aspect but 

compromise on the other; 3) they have simpler fabrication of metal on perovskite compared to 

high energy, potentially destructive photonic deposition on the soft perovskite films that is 

required in DBR-DBR microcavities; 4) they can support stable and robust perovskite growth 

on dielectric layers compared to on metal, that is required in metal-metal microcavities. More 

comparisons between the structures were elaborated in Subsection 4.4.1. 

Using the hybrid plasmonic-photonic microcavity structure, the light-matter interaction of the 

perovskite film can be enhanced by adding a low absorption loss spacer (e.g., polymethyl 

methacrylate (PMMA)) and adjusting the spacer thickness to match the cavity length. This 

structure has demonstrated significant enhancement of photoluminescence and has even 

induced optically pumped lasing 167. 

Moreover, the refractive index of common photonic crystal material, TiO2, is n = 2.35 at 510 

nm, which is comparable with that of perovskite (n = 2.05 at 510 nm), making it also ideal for 

the Tamm plasmon perovskite structure. In this chapter, the light-matter interaction of 

perovskite film is designed such that the high refractive index layer of the alternating TiO2/SiO2 

photonic crystal at the metal-photonic crystal interface (initially TiO2) is replaced by the 

perovskite film. 

4.2.1 Initial simulation design 

The initial design of Tamm plasmon perovskite structure is based on a common analytical 

optical simulation for multilayered stack using the transfer matrix model. The structure was 

subsequently optimized using a genetic algorithm to determine the optimal thickness for each 

layer, guided by two primary constraints: 

1) Tamm plasmon resonance must coincide with the peak photoluminescence wavelength 

of the perovskite. 

2) The location of maximum electric field intensity ideally coincides with or is in close 

proximity to, the perovskite film. 
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Figure 4.1 Initial simulation of Tamm plasmon perovskite structure. a, Simulated 

reflectance of photonic crystal, photonic crystal/perovskite and full Tamm plasmon perovskite 

structure photonic crystal/perovskite/Ag. The thickness of each layer is TiO2: 48 nm, SiO2: 

105 nm, perovskite: 29 nm and Ag: 150 nm. b, Electric field enhancement, 
ȿȿ

ȿ ȿ
 of the initial 

proposed Tamm plasmon perovskite structure. Finite-difference time-domain simulated 

angular output power of (c) reference perovskite and (d) Tamm plasmon perovskite 

structures. 

As shown in Figure 4.1, the first proposed Tamm plasmon perovskite structure by Dr. Alberto 

Jim®nez-Solano was as follows: 

Glass substrate/[TiO2 (48 nm)/SiO2 (105 nm)]x3/quasi-2D perovskite (29 nm)/silver (150 nm) 

In addition to optimising the thickness through genetic algorithms, the number of photonic 

crystal layer pairs was also considered to identify configurations that exhibit strong light-matter 

interactions with minimal fabrication complexity. 
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Figure 4.2 Number of photonic crystal layer pairs. The electric field enhancement of Tamm 

plasmon perovskite structure between 3 to 8 TiO2/SiO2 bilayers. 

As shown in Figure 4.2, the electric field enhancement and resonance strength increase with 

the number of TiO2/SiO2 bilayers, consistent with the rise in photonic stopband reflectance. 

Since the goal of this work is to demonstrate a proof-of-concept, a photonic crystal with three 

bilayers is preferred, as it offers significant electric field enhancement and confinement with 

minimal fabrication complexity. However, simulations indicate the potential for even stronger 

confinement and enhancement with additional bilayers. 

 

Figure 4.3 Simulation comparison between different metals. Optimization for Tamm 

plasmon perovskite structure is repeated for noble metals. Tamm-plasmon-perovskite 

structure compared between (a) silver, (b) aluminium and (c) gold as the plasmonic metal. 

The quasi-2D perovskite, photonic crystal materials and number of photonic crystal layer 

pairs were kept constant at 3 bilayers in this comparison. 

Silver is widely recognised as the plasmonic metal with the lowest absorption loss within the 

visible range, outperforming alternatives such as gold, aluminium and copper. Consequently, 

silver is predominantly chosen for plasmonic applications within optical frequencies. 
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Simulations, as shown in Figure 4.3, demonstrate a significant improvement in electric field 

enhancement and spatial distribution compared to aluminium and gold. 

4.2.2 Photonic crystal validation 

Based on the simulation design, the photonic crystal consisting of three alternating layer pairs 

of TiO2 and SiO2 was e-beam evaporated by collaborators from the Institute of Optoelectronics, 

Military University of Technology. Upon receiving the photonic crystals, I conducted UV-vis 

reflectance measurements to validate their quality. 

The fabricated photonic crystal closely matches the simulation (see Figure 4.4a) with a revised 

structure of: 

Glass substrate/[TiO2 (56 nm)/SiO2 (92 nm)]x3 

Although the revise thickness deviates slightly from the original design, the photonic stopband 

remains intact. The Tamm plasmon resonance modes can be further corrected by fine-tuning 

the thickness of other layers. 

 

Figure 4.4  Photonic stopband of photonic crystals. a, Photonic crystal reflectance 

measured with an integrating sphere and fitted with simulation. Inset: Schematic of photonic 

stopband. b, Simulated photonic stopband across angles. c, Measured photonic stopband 

across angles using Universal Measurement Accessory of Agilent Cary7000 

spectrophotometer. Reflectance values are arbitrary, with offsets applied to highlight trend 

changes. 

As reported in the literature, photonic crystal exhibits angle dependency 171. Accordingly, both 

the transfer matrix simulation and experimental UV-vis reflectance measurements demonstrate 
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a gradual blue shift in the photonic stopband with increasing incidence angle (see Figure 

4.4b,c). 

4.2.3 Quasi-2D CsPbBr3 perovskite 

The recipe of quasi-2D CsPbBr3 perovskite with a full composition of (PEA)2(CsPbBr3)n-

1PbBr4 (PEA: 2-phenylethylamine, Cs: caesium, Pb: lead, Br: bromide), is adapted from the 

literature 89. Quasi-2D CsPbBr3 perovskite is a popular emitter for perovskite LEDs due to its 

high brightness and high photoluminescence quantum efficiency at the time of drafting the 

project. Quasi-2D perovskite promotes radiative electron-hole recombination through effective 

funneling of electrons and holes from the higher bandgap 2D perovskites (small n) to the lower 

bandgap towards 3D perovskites (large n), where n refers to the number of inorganic perovskite 

layers between the spacer layers 172. The funneled electrons and holes are subsequently 

confined at the small bandgap region, thereby enhancing the probability of recombination. As 

such, although a range of bandgaps are available in the quasi-2D perovskite, the major 

photoluminescence peak lies near the large n bandgap. 

Through optimisation of the PEABr and CsPbBr3 ratio, the quasi-2D perovskite film with a 

ratio of 0.4:1 shows the highest PLQE of 5Ñ1% at an excitation fluence of 33 mW cm-2. For 

this composition ratio, the absorption spectra show small peaks across the wavelength, each 

indicating the bandgap of different numbers of n, as shown in Figure 4.5a. The 

photoluminescence peak of the acquired quasi-2D perovskite film is at 510 nm. 

 

Figure 4.5 Quasi-2D CsPbBr3 perovskite. a, Absorbance and photoluminescence of quasi-

2D CsPbBr3 perovskite. b, AFM surface topography of quasi-2D CsPbBr3 perovskite. c, 

Height changes of the perovskite surface across the AFM line slice in (b). 
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In addition to the high photoluminescence, quasi-2D CsPbBr3 perovskite is chosen as the 

emissive layer for the proof-of-concept of Tamm plasmon perovskite structure because the 

quasi-2D arrangement is self-formed with an easily replicable recipe, and the resulting 

perovskite film is very smooth and uniform, as shown in Figure 4.5b, with a root-mean-square 

roughness of 2.9 nm and average roughness of 1.5 nm. A smooth and uniform perovskite film 

will simplify the realisation of the Tamm plasmon perovskite structure because the initial 

simulation is based on a simple planar multilayer stack. 

4.2.4 First experimental realisation of Tamm plasmon perovskite structure 

The first batch of Tamm plasmon perovskite structures were fabricated with different spin-

coating rates to manipulate the perovskite thickness. In the experimental realisation, poly(9-

vinylcarbazole) (PVK), a common hole transport layer in perovskite devices, was added as a 

fixed surface layer for consistent perovskite growth, which is crucial for further development 

of the structure. A custom-built angular photoluminescence setup with a manual rotating optical 

breadboard as shown later in Figure 4.11 as the first setup, was used to measure the angular-

dependent photoluminescence, a crucial characteristic for Tamm plasmon structures. The 

custom-built setup later undergoes several improvements and detailed in Subsections 4.2.7. 
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Figure 4.6 Emission directionality of glass/photonic crystal/PVK/perovskite/Ag Tamm 

plasmon structure with 30 nm thick PVK and (a-c) 30 nm thick perovskite and (d-f) 60 nm 

thick perovskite. (a,c) The reflectance curve of the structure, measured at 8Á using the UV-vis 

integrating sphere (black line). The photoluminescence of perovskite film on glass (blue line). 

(b,e) The photoluminescence intensity measured from 0Á to 76Á at every 4Á intervals. Vertical 

line shows the reflectance minimum wavelength from the reflectance curve. (c,f) Normalised 

integrated photoluminescence over the spectrum plotted against angle of detection. 

As shown in Figure 4.6, the first results were not immediately clear. The photoluminescence 

showed double peaks and shoulders with shifting spectra and changes in shape with angles. 

Integrating across the photoluminescence intensity revealed wide-angled photoluminescence 

that was asymmetrical, but none matched the initial simulations. Thus, the reflectance curve 

was measured for further understanding using an integrating sphere, revealing a shallow 

reflectance dip that aligned with the second photoluminescence peak at 0Á.  
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Figure 4.7 Emission directionality of reference structure with configuration of 

glass/PVK/perovskite/Ag. (a) The photoluminescence intensity measured from 0Á to 68Á at 

every 4Á intervals. (b) Normalised integrated photoluminescence over the spectrum plotted 

against angle of detection. Dashed line show Lambertian curve. 

Additionally, the photoluminescence of a reference sample, which had a similar structure to the 

Tamm plasmon perovskite structure but lacked photonic crystals, was also measured, as shown 

in Figure 4.7. The photoluminescence spectra shape and peak for the reference sample were 

constant across various angles; however, the integrated intensity across angle was not 

Lambertian as expected for isotropic emitting materials. 

Based on the initial results, areas requiring systematic and extensive work to match the 

properties of the initial simulated design were identified. The following tasks were then carried 

out repeatedly until satisfactory results were achieved: 

1. Utilise the transfer matrix model to fit the resonance of the experimental structure, 

thereby understanding the experimental observations. Based on these insights, adjust 

the recipes to move closer to the target structure. 

2. Develop spin-coated perovskite recipes to achieve their respective thickness using AFM, 

identifying a repeatable and translatable thickness from the recipe. 

3. Upgrade the angular-dependent photoluminescence setup to obtain accurate and precise 

measurements. Ideally, the measurements should be quick to avoid sample degradation, 

capture intensity from a small angular range for better precision and symmetry and 

display a Lambertian curve for the isotropic reference sample. 
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4.2.5 Discussion on the first results 

I developed my transfer matrix model code in MATLAB based on the Fresnel equations and 

transfer matrix model. Fitting the Tamm plasmon perovskite structure to the experimental 

resonance shows that the Tamm plasmon resonance is red shifted because the perovskite layer 

is much thicker than the target. 

 

Figure 4.8 Properties of Tamm plasmon modes. a, Tamm plasmon energy dependence on the 

etch depth of the top GaAs photonic crystal layer. Larger etch depth means smaller thickness. 

Dotted horizontal line shows position of the centre of photonic stopband. b, Tamm plasmon 

energy dependence on angle of incidence of incident light. Squares shows measured Tamm 

plasmon structure with 30 nm of gold layer. Lines shows calculated Tamm plasmon energies 

with 30 nm (solid), 50 nm (dashed) and semi-infinite (dotted) thick gold layer. Inset shows in-

plane dispersion of the Tamm plasmon state. Reprinted with permission 40. Copyright 2008, 

AIP Publishing. 

Further understanding of the Tamm plasmon properties shows that the resonance energy 

(inversely proportional to wavelength) depends on the high refractive index layer of the 

photonic crystal at the metal-photonic crystal interface, which is the perovskite layer in our 

structure. This indicates that the thicker the perovskite layer, the longer the wavelength at which 

Tamm plasmon resonates, as shown in Figure 4.8. Additionally, as the angle increases, the 

Tamm plasmon resonance decreases in wavelength. This explains the observed shift in the 

second photoluminescence peak shifts with increasing angle, following the shift in Tamm 

plasmon resonance. Since perovskite has a narrow photoluminescence peak, the maximum 

photoluminescence is observed when the Tamm plasmon resonance wavelength aligns with the 

original perovskite photoluminescence. Thus, the observation of wide-angled 

photoluminescence is expected for thick perovskite layer. Since the initial Tamm plasmon 

resonance is more red shifted compared to the primary perovskite photoluminescence, the 

a b
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primary photoluminescence is attenuated at 0Á. As the angle increases, the Tamm plasmon 

resonance blue-shifts until it matches the primary photoluminescence, now amplifying the 

already bright photoluminescence, thus intensity becomes maximum at that angle. 

It has been reported that the Tamm plasmon resonance shifts with metal thickness, when the 

metal is thin (typically <50 nm) 40. When the metal is >50 nm, it is considered semi-infinite 

with the electromagnetic field fully decayed within the metal layer, and the change in thickness 

above that would not significantly modify the Tamm plasmon resonance 40. Here, we select 

semi-infinite metal to improve the metal electrode conductivity for perovskite devices and to 

reduce electromagnetic field loss from the back of the metal.  
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Figure 4.9 Emission directionality of glass/photonic crystal/PVK/perovskite/Ag Tamm 

plasmon structure with 16 nm thick PVK and (a-c) 10 nm thick perovskite, (d-f) 18 nm thick 

perovskite and (g-i) 36 nm thick perovskite. (a,d,g) The reflectance curve of the structure, 

measured at 8Á using the UV-vis integrating sphere (black line). The photoluminescence of 

perovskite film on glass (blue line). (b,e,h) The photoluminescence intensity measured from 

0Á to 68Á at every 4Á intervals. Vertical line shows the reflectance minimum wavelength from 

the reflectance curve. (c,i) Normalised integrated photoluminescence over the spectrum 

plotted against angle of detection. Dashed line show Lambertian curve. 

Given the initial understanding of the resonance trend and expectations, I repeated the process 

of simulation, fabrication, and characterisation of the Tamm plasmon perovskite structure for 

optimisation and understanding. As shown in Figure 4.9, by reducing the PVK and perovskite 

thickness, I managed to shift the Tamm plasmon resonance to shorter wavelengths, eliminate 
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the wide-angle photoluminescence and show forward directional emission. For very thin 

samples, the large mismatch of Tamm plasmon resonance to photoluminescence resulted in 

low photoluminescence intensity due to high reflectivity and small second peak observed 

around 465 nm. The simulated angular intensity shows a broad shoulder at large angles due to 

the edge of the photonic stopband. Note that as the perovskite layer replaced the high refractive 

index TiO2 layer at the metal-photonic crystal interface, the perovskite layer becomes part of 

the photonic crystal and tuning the perovskite layer will affect the photonic crystal stopband. 

The shoulder is not experimentally observed, which indicates that a good angular setup is 

crucially important now. Nevertheless, the observations in the following samples show that the 

structure and observations are now closer to the target. 

4.2.6 Tuning the perovskite thickness 

Through my attempts shown in Figure 4.6 and Figure 4.9, it became clear that controlling the 

perovskite thickness by tuning the perovskite precursor concentration is feasible and the 

perovskite growth remains consistent across our ideal range. Perovskite films were thus spin-

coated using a series of precursor concentrations between 0.125 ï 0.25 M by diluting the initial 

0.25 M precursor. As the simulation assumed flat interface with uniform thickness across the 

structure, the film roughness was measured using an AFM and the thickness was checked 

across multiple points on the sample as shown in Figure 4.10 to ensure smooth and uniform 

perovskite film across samples with various thicknesses. The perovskite thickness was 

validated across multiple batches to ensure consistency. 

 

Figure 4.10 Tuning the perovskite thickness. (a-b) AFM measurement of the perovskite 

thickness through a razor blade scratch. Scale bar in (a) shows 4 Õm. c, Perovskite thickness 

control by  tuning the perovskite precursor concentration between 0.125 M to 0.25 M. 
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4.2.7 Development of the angular photoluminescence setup 

The custom-built angular photoluminescence setup underwent several developments with the 

support of Dr. Krzysztof Gağkowski and Dr. Tomi Baikie. The setup consists of a fixed 405 nm 

laser excitation beam, a fixed sample holder and a rotating coupler connected through an optical 

fibre to the spectrometer. The laser beam and sample holder are fixed to eliminate angle 

dependency observed due to changes in incidence angle. The 405 nm excitation beam is 

expected to be angle-independent because the excitation wavelength lies outside the photonic 

stopband. The detector coupler rotates around the sample as the centre of radius to collect the 

photoluminescence across the angles. As the coupler is fixed at the same height as the sample, 

the laser beam is set at a small angle in height to the sample to avoid overlapping with the 

detector. 

 

Figure 4.11 Development of angular measurement setup. 
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Measurements using the first angular setup are shown in Figure 4.6, Figure 4.7 and Figure 

4.9. As the integrated photoluminescence across -90Á to 90Á of the reference sample is not 

Lambertian in Figure 4.7, with the angular curve not entirely smooth and large-angled features 

missing, an upgrade on the first angular setup is needed. To improve the setup, I identified the 

following issues with the setup and their corresponding solutions: 

Table 4.1 Defined problem and the respective solution of the custom-built angular 

measurement setup. 

Problem Solution 

Large excitation laser beam 

output from the coupler 

Use lens to focus the laser beam 

Detector capturing wide 

angles (second setup) 

Increase the distance between detector and sample 

Poor symmetry for positive 

and negative angles 

Reduce laser beam size to minimize the effect of non-uniform 

beam. Align the detector coupler position to rotate around the 

sample as the centre of position using a laser beam. Reduce 

the measurement time to avoid degradation effects. Stabilize 

the sample under excitation for a reasonable time before 

starting the measurements. 

Poor angle precision Use a motorized rotating stage with better precision 

Long measuring time (20 

mins for manual stage) 

Use a motorized rotating stage. Set and optimise the velocity 

of the rotating stage to match the spectrometer accumulation 

time to ensure fast measurement with high signal. 

Unstable motorized rotation 

at the start of measurement 

(second and third setup) 

Rotate the stage from beyond 90Á to the sample surface to 

ensure the constant velocity of stage rotation when the actual 

measurement starts. 

Angular curve not smooth Ensure the optical fibre of the detector is not blocked or 

overextended by any other objects on the optical table, 

especially the optical posts used in the setup. Ensure the laser 

beam is not blocked by the rotating detector coupler. 

 

After several trials, the third setup with optimised rotation velocity and precise optics alignment 

successfully produced a good Lambertian curve for the angular photoluminescence intensity 
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of the reference perovskite sample, as shown in Figure 4.12. This indicates high accuracy in 

the angular photoluminescence measurements. The detailed method for the third angular setup 

is described in Chapter 3. 

 

Figure 4.12 Angle-dependent photoluminescence of isotropic reference perovskite 

structure using the optimised third angular setup, showing good match with a Lambertian 

curve. 
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4.3 Performance evaluation of final Tamm plasmon perovskite 

structure 

4.3.1 Tunable Tamm plasmon resonance via perovskite thickness 

After careful optimisation of the Tamm plasmon perovskite structure through repeated 

simulations and experiments, a Tamm plasmon perovskite structure with tunable Tamm 

plasmon resonance wavelength was achieved by carefully varying the perovskite thickness. 

The final Tamm plasmon perovskite structure is as follows: 

Glass substrate/[TiO2 (56 nm)/SiO2(92 nm)]x3/PVK (10 nm)/quasi-2D perovskite 

(variable)/silver (100 nm) 

 

Figure 4.13 Cross-section of Tamm plasmon perovskite structure. a, Cross-sectional 

HAADF-STEM image of the perovskite-based Tamm plasmon structure. Left: Magnified 

image of the metal-quasi-2D perovskite interface. The scale bar shows 50 nm. The thickness 

of each layer is TiO2 = (70Ñ2) nm, SiO2 = (90Ñ2) nm, quasi-2D perovskite + PVK = (34Ñ5) 

nm, Ag = (100Ñ5) nm.  b, EDX chemical map of Tamm plasmon perovskite structure. Areas 

rich in Ag, Cs, Pb, Br, C, Si and Ti are marked in the legend. The scale bar shows 200 nm. 

The observed halo features at the titanium (Ti)-rich interface are found to be a slight 

compositional gradient of Ti, while the oxygen composition remains constant at the interface. 

c, Simulated electric field enhancement, 
ȿȿ

ȿ ȿ
 of the Tamm plasmon perovskite structure. 

The experimental realisation of the Tamm plasmon perovskite structure is based on the 

simulated optimised structure, following the fabrication recipe developed in Section 4.2. As 

shown in Figure 4.13, the cross-sectional HAADF-STEM image (performed and analysed by 
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Dr. Jordi Ferrer Orri) of the fabricated Tamm plasmon perovskite structure shows a good match 

with the simulation structure, demonstrating strong and comparable e-field enhancement with 

the initial simulation. In the HAADF-STEM image, the perovskite layer appears uniform and 

smooth, consistent with the AFM surface topography observations. 

 

Figure 4.14 Tuning the Tamm plasmon resonance with perovskite thickness. a, 

Experimental optimization of Tamm plasmon perovskite structure by varying the perovskite 

thicknesses between 20 nm to 54 nm (Tamm plasmon resonance wavelength best fitted with 

transfer matrix model to estimate thickness of perovskite). Tamm plasmon resonance dip 

acquired from reflectance measurements at 8Á. PL of quasi-2D perovskite thin film on glass is 

shown as dashed line. b, Tamm plasmon resonance wavelength at 8Á versus perovskite film 

thickness. Perovskite thickness is measured under AFM (solid line) and estimated from Tamm 

plasmon resonance wavelength best fitted with simulation (dashed line).  Inset: schematic of 

the perovskite-based Tamm-plasmon structure with a green arrow indicating the quasi-2D 

perovskite layer. 

As shown in Figure 4.14, while tuning the perovskite thicknesses between 20 nm to 54 nm by 

regulating the concentration of perovskite precursors as discussed in Subsection 4.2.6, the 

Tamm plasmon resonance wavelength increased with the perovskite thickness from 485 nm to 

565 nm. Due to the practical limitations of measuring specular reflectance, the reflectance was 

measured with the sample tilting at 8Á offset using an integrating sphere (as detailed in 

Subsection 3.3.2). Thus, following the Tamm plasmon angular properties, the estimated Tamm 

plasmon resonance at 0Á is a few nm red-shifted from the measurements above. 

From the range of samples, those with perovskite thickness of 26 nm and 31 nm had the closest 

Tamm plasmon resonance with the quasi-2D perovskite photoluminescence. Due to the good 

match of resonance with photoluminescence, both samples show excellent photoluminescence 
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intensity at small angles, though the forward directionality of sample with 26 nm perovskite 

thickness was slightly better (more discussion in Subsection 4.3.2). Thus, in the following 

context I will refer to the sample with 26 nm perovskite thickness as the narrow-angle-Tamm-

plasmon-perovskite. 

4.3.2 Angle-dependent photoluminescence 

Using the third angular setup with a motorised rotation stage, I managed to compile the 

photoluminescence spectra of the Tamm plasmon perovskite structure across 180Á of the 

sample surfaces, collected at 1Á intervals. From Figure 4.15, the results show a clear trend of 

photoluminescence red-shifting at 0Á as perovskite thickness increases; additionally, for 

samples with thicker perovskite, the photoluminescence blue-shifts with increasing angle. To 

observe the angle dependency clearly, the total integrated photoluminescence across the 

detection angle is shown in Figure 4.16. The total photoluminescence of the samples with 

thicker perovskite shows interesting wide-angled emission, thus I refer to them as the wide-

angle-Tamm-plasmon-perovskite structure. 
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Figure 4.15 Angle dependent photoluminescence of Tamm plasmon structure with 

perovskite thickness of (a) 26 nm, (b) 31 nm, (c) 36 nm, (d) 41 nm, (e) 45 nm and (f) 50 nm. 

 

Figure 4.16 Normalized integrated PL across detection angle of wide-angle-Tamm-

plasmon-perovskite samples with perovskite thickness increasing from 31 nm, 36 nm, 41 nm, 

45 nm, 50 nm, and 54 nm. 
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In Figure 4.17, I compare the reference-perovskite, narrow-angle-Tamm-plasmon-perovskite 

and wide-angle-Tamm-plasmon-perovskite structures to illustrate the effect of light-matter 

interaction. The reference-perovskite structure exhibits isotropic (Lambertian) 

photoluminescence, as expected, with no shift in the photoluminescence peak across angles. 

The finite-difference time-domain simulation results depicted in Figure 4.17c is consistent 

with the experimental angular photoluminescence measurements. 

 

Figure 4.17 Experimental angular PL results and simulations of (a-c) reference perovskite 

stack, (d-f) narrow-angle-Tamm-plasmon-perovskite structure with quasi-2D perovskite 

thickness of 26 nm and (g-i) wide-angle-Tamm-plasmon-perovskite structure with quasi-2D 

perovskite thickness of 50 nm. (a,d,g) PL intensity of each sample collected at increasing 

angle of 0Á, 5Á, 10Á, 20Á, 30Á, 40Á, 50Á and 80Á from top to bottom. Reflectance is shown as a 

dashed line. (b,e) Green solid line: Detection angle against PL of reference-perovskite stack 

and narrow-band-Tamm-plasmon-based perovskite structure with PL spectra integrated from 
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480 nm to 540 nm. h, PL of wide-angle-Tamm-plasmon-perovskite structure with PL spectra 

integrated between 505 nm to 565 nm. Lambertian curve in dashed line. Inset: schematic of 

each structure. Since all samples are excited at the same power density, the integrated PL are 

comparable among the three samples. (c,f,i) Finite-difference time-domain simulation of 

angular output power of each structure. PL intensity of all configurations normalised to the 

PL intensity of narrow-angle-Tamm-plasmon-perovskite structure (see colour bar). 

With optimised photonic crystal and perovskite thicknesses, the narrow-angle-Tamm-plasmon-

perovskite shows a distinct and strong Tamm plasmon resonance (reflectance dip) at a 

wavelength matching the initial perovskite photoluminescence. The photoluminescence 

linewidth at 0Á for the narrow-angle-Tamm-plasmon-perovskite (FWHM of 16.9 nm) is 

significantly narrower compared to the reference-perovskite (FWHM of 29.1 nm). While the 

photoluminescence peak experiences slight blue-shifting with increasing detection angles, the 

intensity drop is more pronounced. The integrated photoluminescence intensity across the 

spectra reveals strong forward directional emission, with enhanced photoluminescence by a 

factor of 2.6 within a solid angle of Ñ15Á perpendicular to the sample surface compared to the 

reference-perovskite. However, photoluminescence is heavily suppressed at angles beyond 

Ñ30Á. All samples were excited at the same excitation power density using a 405 nm laser. The 

narrow-angle-Tamm-plasmon-perovskite exhibits significantly sharper and narrower forward 

directional emission (angular FWHM of 44.7Á) compared to the Lambertian reference-

perovskite (angular FWHM of 124.5Á). 

In Figure 4.17g-i, the given wide-angle-Tamm-plasmon-perovskite example has a perovskite 

thickness of 50 nm with a Tamm plasmon resonance wavelength of 554 nm at small angles. As 

discussed in the early observations in Subsection 4.2.4, the photoluminescence blue-shifts with 

increasing angles due to the angle dependency of Tamm plasmon resonance. The integrated 

photoluminescence intensity shows a wide-angled directionality with a peak at 40Á where the 

Tamm plasmon resonance matches the original perovskite photoluminescence. The finite-

difference time-domain (FDTD) simulation of the output photoluminescence power in far field 

shows a ring like wide solid angle emission.  

4.3.3 Absorption within the perovskite layer 

As photoluminescence is contingent on photoexcitation, Dr. Alberto Jim®nez-Solano validated 

the absorption of the 405 nm laser excitation across the entire perovskite layer through 

simulation to ensure that the photoluminescence enhancement is solely due to emission 
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enhancement. Interestingly, while perovskite absorption at 405 nm wavelength is lower than  

that of the reference perovskite, absorption around the resonance wavelength (approximately 

510 nm to 514 nm) is significantly enhanced. Although these characteristics can be anticipated 

based on the properties of the photonic crystal stopband and Tamm plasmon modes, this 

discovery is pivotal and lays the groundwork for the developments of narrowband perovskite 

photodetectors as detailed in Chapter 6. 

 

Figure 4.18 Simulated absorption profile of perovskite in Tamm-plasmon-perovskite 

structure. The absorption profile of perovskite layer at (a) 405 nm (excitation wavelength), 

(b) 510nm (quasi-2D perovskite emission wavelength) and (c) 514 nm in both reference 

perovskite and Tamm plasmon perovskite structure. 

4.3.4 Photoluminescence stability 

The speed of the angle-dependent photoluminescence measurement across 180Á of the sample 

surfaces is determined by adjusting the accumulation time to ensure sufficient intensity 

collection while minimising degradation. With support from Shenyu Nie, photoluminescence 

stability of both samples was measured under identical conditions: continuous wave laser 

excitation at 405 nm with a power density of 0.5 W cm-2. As shown in Figure 4.19, the stability 

of photoluminescence shows minor fluctuations possibly due to laser variations and a slight 

increase over time due to photo-brightening. Results from Subsection 4.3.2 were obtained at a 

scan rate of 3Á s-1, taking 60 seconds for a complete 180Á cycle, ensuring photoluminescence 

stability over the measurement timescale. In addition, measurements were consistently 

collected from -90Á to 90Á, with symmetrical results indicating exclusion of degradation effects 

on angular photoluminescence. 
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Figure 4.19 Normalized photoluminescence integrated across the spectra of reference 

perovskite structure and Tamm plasmon perovskite structure, measured across an hour 

excited at 405 nm with power density of 0.5 W cm-2 (same power density as angular 

photoluminescence measurement). 

4.3.5 Back focal plane imaging 

The back focal plane offers insights into anisotropic light propagation by utilizing an aplanatic 

microscope objective that meets the Abbe sine condition: 

ὶ ὲὪίὭὲ—                    (4.1) 

Here, light emitted from the focal point at a focal distance Ὢ, and an angle — to the optical axis 

exits the microscope objective lens at a distance ὶ parallel to the axis 173. Consequently, all light 

travelling in the same direction is focused on the same point in the back focal plane image 173. 

Back focal plane imaging provides an instant record of angle-dependent emission, effectively 

eliminating potential degradation that could affect the angular measurements discussed in 

Subsection 4.2.7. A more detailed description of the setup can be found in Chapter 3. 

Led by Dr. Simon Kahmann, who constructed the setup, conducted the measurements, and 

wrote the analysing code, we examined the back focal plane of three notable samples with 

known angular variations: the reference perovskite, narrow-angle-Tamm-plasmon perovskite, 

and wide-angle-Tamm-plasmon perovskite. 
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Figure 4.20 Back focal plane imaging of reference perovskite structure. (a) Back focal 

plane and (b) spectrally dispersed slit image with slit placed at the centre of the back focal 

plane image. Dark spots on the back focal plane image are dusts and particles lying on the 

optics. c, Far field power intensity simulated with finite-difference time-domain simulation. d, 

Measured angular dependent photoluminescence using the custom built setup shown in 

Subsection 4.2.7. 

As the reference is isotropic, the back focal plane shows uniform intensity across the entire 

circle, indicating that the emitter radiates light with equal intensity in all directions. The far-

field power intensity simulation in Figure 4.20c, which represents the light intensity observed 

at a single point, is Lambertian. Therefore, both Figure 4.20a and Figure 4.20c demonstrate 

that the reference perovskite is an isotropic emitter. The spectrally dispersed slit image in 

Figure 4.20b and the angular photoluminescence Figure 4.20d align well, both displaying a 

constant photoluminescence peak wavelength across all angles. 
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Figure 4.21 Back focal plane imaging of narrow-angle-Tamm-plasmon-perovskite 

structure. (a) Back focal plane and (b) spectrally dispersed slit image with slit placed at the 

centre of the back focal plane image. Dark spots on the back focal plane image are dusts and 

particles lying on the optics. c, Far field power intensity simulated with finite-difference time-

domain simulation. d, Measured angular dependent photoluminescence using the custom 

built setup shown in Subsection 4.2.7. 

Based on the far-field power intensity simulation in Figure 4.21c, the narrow-angle-Tamm-

plasmon-perovskite structure is expected to exhibit strong forward directionality with a narrow 

angular FWHM. As depicted in Figure 4.21a, the back focal plane image of this structure 

reveals significantly higher photoluminescence intensity at the centre of the circle, indicating 

pronounced forward directionality. The spectrally dispersed slit image in Figure 4.21b and the 

angular photoluminescence in Figure 4.21d also closely align, both showing narrowed 

photoluminescence at small angles compared to the reference perovskite. 
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Figure 4.22 Back focal plane imaging of wide-angle-Tamm-plasmon-perovskite structure. 

(a) Back focal plane and (b) spectrally dispersed slit image with slit placed at the centre of 

the back focal plane image. Dark spots on the back focal plane image are dusts and particles 

lying on the optics. c, Far field power intensity simulated with finite-difference time-domain 

simulation. d, Measured angular dependent photoluminescence using the custom built setup 

shown in Subsection 4.2.7. 

The wide-angle-Tamm-plasmon-perovskite structure, featuring a 36 nm thick perovskite film, 

exhibits peak photoluminescence over a wide solid angle, forming a ring-like structure 

observed in the back focal plane image as shown in Figure 4.22a and simulated far-field power 

intensity in Figure 4.22c. Results from both spectrally dispersed slit image shown in Figure 

4.22b and angular photoluminescence shown in Figure 4.22d confirm that the initial Tamm 

plasmon resonance occurs at a longer wavelength and blue-shifts with increasing angle. 

4.3.6 Uniformity of the multilayer stack 

The angle-dependent photoluminescence in Subsection 4.3.2 is measured on a macroscale, 

while the back focal imaging shown in Subsection 4.3.5 is conducted on a microscale. To assess 

film uniformity, the photonic crystal, reference-perovskite, and Tamm-plasmon-perovskite 

stacks are analysed using a hyperspectral microscope by Dr. Kyle Frohna, employing an 
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objective lens with a NA of 0.45, corresponding to a collection angle of 26.7Á. For each 

measurement, reflectance and photoluminescence counts are averaged across the region 

marked within the red box, as shown in Figure 4.23a. The photonic crystal reflectance 

observed under hyperspectral is highly uniform. Figure 4.23b shows the reflectance curves at 

microscale and macroscale appear generally similar, with slight expected discrepancies due to 

the difference in collection angle. Macroscale reflectance is measured across the entire angle 

range using an integrating sphere. 

 

Figure 4.23 Hyperspectral imaging. a, Homogenous reflectance across photonic crystals 

substrate measured under the hyperspectral microscope. The scale bar shows 50 Õm.  Inset: 

picture of smooth and shiny photonic crystals substrate and schematic of photonic crystals 

substrate. b, Average reflectance over the boxed area compared with macroscale reflectance. 

c, Microscopic photoluminescence of reference and narrow-angle-Tamm-plasmon-perovskite 

structure (schematics shown as inset) measured under the hyperspectral microscope with 

collection angle of 26.7Á (objective lens numerical aperture, NA = 0.45). Both scale bars 

show 50 Õm.  d, Average photoluminescence of reference and Tamm-plasmon-perovskite 

structure across boxed region. Tamm plasmon resonance wavelength shown in black dashed 

line. 
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As shown in Figure 4.23c, the photoluminescence from both the reference perovskite and 

narrow-angle-Tamm-plasmon-perovskite appears uniform. In Figure 4.23d, the averaged 

photoluminescence intensity of the narrow-angle-Tamm-plasmon-perovskite within the 26.7Á 

collection angle is enhanced by a factor of 2.7 compared to the reference perovskite, aligning 

with observations at the macroscale. The photoluminescence from the narrow-angle-Tamm-

plasmon-perovskite shows a slight blue shift compared to the reference perovskite, possibly 

due to the broader collection angle in comparison to macroscale measurements. 

4.3.7 Transient photoluminescence 

The transient photoluminescence technique is helpful for estimating the recombination rate and 

understanding recombination kinetics. However, it can also be sensitive to quenching when 

additional layers are introduced and to changes in photon density due to light-matter interaction. 

Typically, the introduction of electrodes and transport layers can induce quenching, thereby 

reducing the photoluminescence decay lifetime. Moreover, strong light-matter interactions can 

confine photon density and enhances recombination, resulting in a decrease in 

photoluminescence lifetime depending on the coupling strength. 

 

Figure 4.24 Time-resolved photoluminescence of reference perovskite structure without 

Ag, reference-perovskite structure with Ag and Tamm-plasmon-perovskite structure with 

effective lifetimes of roughly 3.7 ns, 1.5 ns and 1.4 ns respectively. All perovskite films shown 

in this figure are quasi-2D perovskite without 18-crown-6 additive. Samples excited at 5 

nJ/cm2/pulse with Edinburgh Instruments FLS1000. Effective lifetime is defined as the time 

required for PL intensity reduces to 1/e of the initial intensity. 

The 1/e effective lifetime represents the time it takes for the intensity of photoluminescence to 

decay to 1/e of its initial value. Measurements were conducted using a fluorimeter and a 

confocal microscope, with fluences ranging from 0.1 nJ/cm2/pulse to 300 nJ/cm2/pulse. It was 
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observed that as the fluence increases, the 1/e effective lifetime of all three perovskite structures 

decreases in the same trend, attributed to the rise in Auger recombination. The relative effective 

lifetime relationship among the three perovskite structures, however, shows no obvious 

variation across the fluence range. To evaluate the influence of these structures on the 

recombination dynamics of the perovskite film, an example is shown with samples excited at 

5 nJ/cm2/pulse, as shown in Figure 4.24. 

The addition of silver to the reference perovskite induces strong quenching, reducing the 1/e 

effective lifetime from 3.7 ns to 1.5 ns. In contrast, the narrow-angle-Tamm-plasmon-

perovskite used in this study, with only 3-layer pairs in the photonic crystal, is considered 

weakly coupling in the light-matter interaction community, where structures with 20 or more 

bilayers are typical for strong coupling. The effective lifetime of the narrow-angle-Tamm-

plasmon-perovskite structure is 1.4 ns, showing a negligible reduction compared to the 

reference-perovskite, consistent with other weak light-matter interaction coupling systems 

46,47,174,175. 
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4.4 Discussion 

4.4.1 Hybrid vs metal-metal vs DBR-DBR 

As outlined in the introduction, there are various methods to achieve light-matter interactions. 

To gain deeper insights into the pros and cons of each approach, simulations conducted by Dr. 

Alberto Jim®nez-Solano illustrate the optimised structure for each system, maximizing electric 

field enhancement for a fair comparison. While a typical DBR-DBR microcavity in the strong 

confinement regime utilises DBR bilayers ranging from 10 to 40, our study limits this to 3-

layer pairs on each side to ensure comparable level of fabrication complexity. As shown in 

Figure 4.25, it is found that using only 3-layer pairs of photonic crystal on each side results in 

weaker confinement within the perovskite layer of the full photonic DBR-DBR microcavity, 

by factors of 0.60 and 0.56 compared to the Tamm plasmon structure, at wavelengths of 515 

nm and 533 nm respectively. 

The metal-metal microcavity is optimised with an additional spacer layer to achieve the cavity 

length, which could be replaced by transport layers in device structures. The metal-metal 

microcavity shows significantly higher electric field enhancement compared to the DBR-DBR 

microcavity and is comparable to that of the Tamm plasmon structure, showing factors of 0.93 

and 0.80 compared to the Tamm plasmon structure, at 515 nm and 533 nm respectively. 

Nevertheless, it is crucial to highlight that achieving a confinement comparable to that of the 

Tamm plasmon structure involves incorporating a 25 nm thick metal, which could cause severe 

absorption loss affecting the outcoupling efficiency. Further discussion comparing the 

incorporation of the Tamm plasmon structure and the metal-metal microcavity with device 

structures can be found in Chapter 5. 
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Figure 4.25 Simulation comparison between Tamm plasmon structure, metal-metal 

microcavity and DBR-DBR microcavity. Designed structures to support the electric field 

intensity enhancement for (a-f) ɚ = 515 nm and (g-l) ɚ = 533 nm: Simulation of electric field 

intensity enhancement across the cross-section (a-c, g-i) and electric field enhancement as a 

function of the position within the structure (d-f, j-l) of a Tamm plasmon perovskite (30 nm) 

structure (a,d,g,j),  a perovskite (30 nm) in metal (25 nm) - metal (120 nm) microcavity with 

spacer, (b,e,h,k) and a perovskite (30 nm) in DBR-DBR microcavity (c,f,i,l). The green stripe 

shows the perovskite layer. Each of the three systems has conditions set to align the maximum 

electric field intensity within the perovskite layer. 
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4.4.2 Flexibility across the visible spectrum 

The proposed Tamm plasmon perovskite structure demonstrates robustness and versatility. As 

shown in Figure 4.26, simulations conducted by Dr. Alberto Jim®nez-Solano illustrate its 

adaptability across the red, green, and blue spectral regimes, achieved by tailoring the 

perovskite film to their respective bandgaps and adjusting the thickness of each layer. While 

the photonic crystal materials and number of bilayers remain constant in this study, they offer 

potential for further modification. These designs for light-matter interaction exhibit remarkable 

flexibility across the broad visible spectrum, paving the way for a wide range of applications. 

 

 

Figure 4.26 Tamm plasmon perovskite structure for red, green and blue regime. The 

structure of (a,d) red, (b,e) green, and (c,f) sky-blue Tamm-plasmon-perovskite structure each 

optimized with transfer matrix model powered by genetic algorithm. The materials of 

photonic crystal stack and plasmonic metal, and number of photonic crystal layer pairs are 

kept constant. Refractive indices of red, green and sky-blue perovskites are shown in 

Supplementary Fig. 16. (a-c) Simulated electric field enhancement of Tamm-plasmon-

perovskite structures. (d-f) Finite-difference time-domain simulation of angular output power 

normalized to the PL intensity of sky-blue Tamm-plasmon-perovskite structure (see colour 

bar). 
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4.5 Conclusion 

In summary, the realisation of Tamm plasmon perovskite structure involves using TiO2/SiO2 

photonic crystal, where TiO2 shares similar refractive index to the quasi-2D CsPbBr3 perovskite. 

This approach allows replacement of the TiO2 layer at the metal-photonic crystal interface with 

a perovskite emitting layer, effectively confining Tamm plasmon modes within the perovskite 

layer. Consequently, strong angular and spectral narrowing of 44.7Á and 16.9 nm, respectively, 

were achieved compared to the reference perovskite structure with 124.5Á and 29.1 nm, 

respectively. Further analyses included angular dependency via back focal plane imaging, 

assessment of film surface homogeneity using microscopy, investigation of carrier dynamics 

through transient photoluminescence, and comprehensive simulations of  Tamm plasmon 

perovskite structure across the visible spectrum. This chapter demonstrates a systematic 

approach of realising light-matter interaction in perovskite films, developed from simulation 

and experimental fabrication to angular characterisation. With the developed codes, recipes and 

setups, I can proceed to add complexity to the structures by incorporating transport layers to 

realise light-matter interactions in perovskite LED (Chapter 5) and perovskite photodetectors 

(Chapter 6).
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Chapter 5  

Strong angular and spectral narrowing in 

perovskite LED  

 

In this chapter, a hybrid metal-photonic crystal structure is introduced into a perovskite LED 

device to demonstrate light-matter interaction, achieving precise angular and spectral 

narrowing of electroluminescence. The limitations of the LED device structure are explored 

without compromising performance, enabling effective optimisation of light-matter interaction 

through simulation followed by experimental implementation. The versatility of the proposed 

design is demonstrated across various high-performance perovskite LEDs, enabling a range 

of applications that require directional and spectrally pure light sources. 

 

 

 

 

 

 

 

 

The content in this chapter was adapted from Ooi, Z. Y. et al. Strong angular and spectral 

narrowing of electroluminescence in an integrated Tamm-plasmon-driven halide perovskite 

LED. Nat. Commun. 15, 5802 (2024) 153. I conducted all experiments and data analysis unless 

otherwise specified.  
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5.1 Introduction: Precise angular and colour control in light 

applications 

As the demand for light applications advances from basic lighting to broader uses such as 

displays, optical communications, and specific directional lighting in modern vehicles, exhibits 

and measurement systems, precise control over light colour and angular dispersion becomes 

crucial. Directly controlling light often involves external optics like lenses and polarisers, 

requiring precise alignment and potentially limiting system compactness and robustness. 

In conventional III-V LED technology, various light-matter interaction techniques have been 

implemented, including Fabry-P®rot microcavity 176,177, whispering gallery mode resonators 

178,179, surface plasmon coupling 180,181, Tamm plasmon structures 182 and metamaterials 183. 

However, integrating these approaches into new-generation emitters like perovskite is 

challenging due to contrasting materials properties, device structure, fabrication techniques, 

material limitations. While light-matter interactions in organic LEDs have been studied, reports 

on precise angular and colour control in perovskite LEDs are limited. The differences in 

implementing light-matter interactions between organic LEDs and perovskite LEDs are more 

pronounced than expected, owing to the disparities in material nature, fabrication process, 

materialôs optical constants, and device structures. Realising precise angular and colour control 

in perovskite LEDs could significantly expand their applications. 

This chapter extends the confined photoluminescence demonstrated in Chapter 4 using Tamm 

plasmon modes to electroluminescence. By incorporating the full perovskite LED device 

structure, precise control over angular and colour characteristics of electroluminescence is 

demonstrated. Through careful structure tuning, the Tamm plasmon resonance wavelength is 

aligned with the perovskite electroluminescence peak, confining Tamm plasmon modes within 

the perovskite layer. These modes enhance perovskite electroluminescence in the forward 

direction by a factor of 1.8 compared to the reference, efficiently outcouple light modes with 

narrow and controllable angular dispersion. The achieved angular FWHM is 36.6Á, compared 

to 143.9Á for the control. As a plasmonic system, Tamm plasmon modes offer stronger 

confinement of the electromagnetic field than full photonic microcavities, which is particularly 

advantageous for perovskite LEDs given their typically thin perovskite films. This approach is 

versatile and tuneable across different emitting energies and angles, paving the way for broader 

applications in displays and light sources that require precise control over angular dispersion 

and light intensity. 
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5.2 Design optimisation of perovskite LED 

5.2.1 Hole and electron transport layers 

Perovskite devices typically include hole and electron transport layers to facilitate carrier 

transport between the electrodes and the active perovskite layer. Depending on the selection 

and alignment of these transport layers, the device structure can be equivalent to p-i-n or n-i-p 

configurations, where ópô denotes an electrode promoting hole transport and ónô denotes an 

electrode supporting electron transport. These transport layers must possess several properties 

to enhance device efficiency. First, they should exhibit high transparency at the wavelength of 

interest (with a larger bandgap than the perovskite used) to minimise absorption losses. 

Secondly, they should have good carrier mobility and appropriate energy alignment to promote 

efficient charge transport within the perovskite layer, while also blocking opposite charges. 

Since the perovskite layer is spin-coated onto the bottom transport layer, this layer must have 

surface wettability compatible with perovskite deposition and growth. The top transport layer, 

more conveniently thermal evaporated but sometimes spin-coated, must not adversely affect 

the underlying perovskite layer during deposition. 

For perovskite compositions with wide bandgaps, the p-i-n structure is more commonly 

reported due to the availability of transport layers. Therefore, the electron transport layer is 

deposited on the perovskite film. TPBi is a standard commercially available electron transport 

layer used in a vast majority of reported green and blue perovskite LEDs. TPBi can be 

thermally evaporated on the perovskite film, forming a uniform layer without adversely 

affecting the perovskite film. 
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Figure 5.1 Selection for hole transport layers. a, Energy band values acquired from 88,184ï186. 

Note that the energy band vary slightly between different reports. b-d, Current density-

voltage curve, luminance and EQE of PeLEDs fabricated with combination of PEDOT:PSS, 

poly-TPD, PTAA, TFB and PVK as hole transport layers. 

The spin-coated bottom hole transport layers for green and blue LEDs typically include a 

combination of PEDOT: PSS, TFB, PTAA, poly-TPD, PVK. During spin-coating optimisations, 

I observed that the perovskite film exhibits optimal growth on PVK due to its excellent surface 

wettability for my perovskite precursors. On PVK, the perovskite film is uniform and bright 

after annealing. However, the turn-on voltage, considering a luminance of 10 cd m-2 for the 

perovskite LED with PVK hole transport layer, is high (3.4 V), resulting in low EQE (see 

Figure 5.1d). The high turn-on voltage with only PVK as the hole transport layer is attributed 

to the large energy gap between ITO and PVK, necessitating a high bias voltage to overcome 

the energy barrier. 

Therefore, hole transport layers with an energy band between ITO and PVK are required, such 

as PEDOT:PSS, TFB, PTAA and poly-TPD as shown in Figure 5.1a. The perovskite film forms 

uniformly on PEDOT:PSS; however, the energy barrier between PEDOT:PSS and perovskite 
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is slightly larger than TFB, PTAA and poly-TPD, making it less ideal. Hence, I experimented 

on PEDOT:PSS/poly-TPD/PVK as hole transport layers. The turn-on voltage (3.2 V) has 

improved over using only PVK, but the EQE (peak at 1%) remained low. Conventional 

PEDOT:PSS contains sulfonic groups, giving it an acidic pH value of 1.5-2.5, which can 

degrade the perovskite material 187. While modified neutral PEDOT:PSS has been reported 

187,188, further optimisation is necessary to improve device performance. 

The perovskite precursor solution does not wet well on TFB, PTAA and poly-TPD, resulting 

in non-uniform film formation after spin-coating. Various methods have been reported to 

enhance the surface wettability of TFB, PTAA and poly-TPD, including O2 plasma treatment 

189,190, UV ozone treatment 191, or using additional interlayers such as LiF 90,192, PFN 89,193 and 

PVK 194. After testing these methods, I found that O2 plasma and UV ozone treatments require 

sophisticated optimisation; the intensity and exposure time must be carefully controlled to 

improve wettability without damaging the transport layers or creating a rough surface. I also 

tested the adding a LiF interlayer; however, a very thin ~1 nm layer of LiF did not result in a 

uniform perovskite film. Thicker LiF layers could potentially help, but as a poor conductor, 

thick LiF might reduce device efficiency. 

Ultimately, I found that adding PVK effectively improves the wettability of the perovskite 

precursor on TFB, PTAA or poly-TPD, resulting in smooth and uniform perovskite film. The 

TFB/PVK or PTAA/PVK or poly-TPD/PVK combinations provide a small energy gap for hole 

transport to the perovskite layer. Initial experimental results showed a poor diode current 

density-voltage curve (see Figure 5.1b) using TFB/PVK and PTAA/PVK, resulting in high 

turn-on voltage of 4.6 V and 4.5 V respectively, despite relatively high EQE peaks of 3.7% and 

2.7% respectively. This poor diode current density-voltage curve is likely due to an imbalance 

in carrier mobility within the device, necessitating further thickness optimisation for TFB and 

PTAA. 

After experimenting with different combinations of hole transport layers and fine-tuning their 

thicknesses, I identified the best-performing device in this stage (considering current-voltage 

curve, turn-on voltage, luminance, EQE and roll-off) with an ITO/poly-TPD/PVK/quasi-2D 

perovskite/ETL/metal configuration. Based on initial results, I then fine-tuned the thickness 

and fabrication conditions of poly-TPD and PVK by varying concentration, spin-coating rate, 

annealing temperature and time. Among the tested combinations of hole transport layers 

combination, the poly-TPD/PVK combination achieved the lowest turn-on voltage (3 V), high 
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peak EQE (2.8%), and high peak luminance (11,400 cd m-2). Therefore, poly-TPD and PVK 

combination was selected for further optimisation of perovskite LEDs. 

5.2.2 Improving the quasi-2D CsPbBr3 electroluminescence 

The LED based on quasi-2D CsPbBr3 perovskite, without adding any additives, achieves an 

EQE of 2.8% and a maximum luminance of 11,400 cd m-2 after engineering the transport layers 

as discussed in the previous section. While this brightness is sufficient to demonstrate the 

proof-of-concept of the proposed light-matter interaction, enhancing the performance of 

perovskite LEDs would provide stronger validation. 

My efforts to improve the quasi-2D CsPbBr3 perovskite electroluminescence began with 

ethane-1,2-diammonium bromide (EDABr) passivation, inspired by the success of ethane-1,2-

diammonium iodide (EDAI) surface passivation in perovskite solar cells from our laboratory. 

According to Hu et al., one methylammonium group of EDA2+ binds to the perovskite surface 

to reduce the density of structural defects, while another facilitates electron extraction between 

the perovskite and the adjacent charge transport layer 195. By passivating the perovskite with 

varying thicknesses of EDABr below and/or above the perovskite layer, I observed an increase 

in PLQE from 7% without passivation to 40% with EDABr passivation on both sides, excited 

with a 405 nm laser at fluence of 33 mW cm-2. However, EDABr passivation showed negative 

impact on device performance compared to the device without passivation. In general, EDABr 

passivation increases the probability of short-circuiting and significantly raises current leakage, 

resulting in peak EQE below 1%. EDABr passivation is rarely mentioned in studies involving 

similar quasi-2D perovskite compositions, suggesting potential compatibility issues. 

In addition to surface defect passivation, improving perovskite electroluminescence can 

involve controlling film coverage, roughness and phase formation. Quasi-2D perovskites 

exhibit higher photoluminescence and electroluminescence compared to bulk 3D counterparts 

due to their quantum well-like structure formed by the presence of multiple ónô phase within 

the perovskite layer 85,196. These structures facilitate charge carriers funnelling from small n 

phase (larger bandgap) to large n phase (smaller bandgap) and promote electron-hole 

confinement at the large n phase 85,196. Since the quantum well-like structure is self-assembled, 

precise control over ónô phase formation can enhance funnelling and confinement efficiency, 

thereby improving device performance. Reports on controlling perovskite formation have 

shown significant enhancements in device performance by adding additives such as 

poly(ethylene oxide) (PEO) 184,197, 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6) 
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89,192,194,198,199, 5-aminovaleric acid (5AVA) 172, 1,4,8,11-Tetraazacyclotetradecane (cyclam) 200, 

tetraphenylphosphonium chloride (TPPCl) 90, trimethylolpropane ethoxylate triacrylate 

(ETPTA) 201 and others. 

 

Figure 5.2 Additives for quasi-2D CsPbBr3 perovskite. a, Chemical structure of PEO, 18-

crown-6 and 5AVA. Adapted from 202. b-d, Current density-voltage curve, luminance and EQE 

of PeLEDs fabricated with quasi-2D CsPbBr3 without additive, with PEO, with 18-crown-6 

and with 18-crown-6 + 5AVA. 

My attempt to replicate reported results using cyclam and TPPCl did not show significant 

improvements in my device performance. The PEO additive, which restricts the diffusion of 

CsPbBr3 to create small crystal domains, reportedly results in smooth and pinhole-free quasi-

2D perovskite film with high surface coverage 184,197. With improved perovskite film quality, 

the quasi-2D perovskite LED incorporating PEO additive demonstrated better performance 

compared to the reference without additives, achieving a turn-on voltage of 2.9 V, peak EQE 

of 5%, and peak luminance of 20,600 cd m-2, as shown in Figure 5.2. 
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As the LED performance peaks at only 5% EQE with the PEO additive, even after extensive 

tuning of the fabrication parameters, I explored alternative options to control perovskite 

formation. The addition of 18-crown-6 induces steric hindrance that suppresses ́-́ stacking 

between PEA cations, thereby inhibiting PEABr aggregation and phase segregation 89. This 

effect slows perovskite growth, resulting in smaller perovskite crystallites and improved film 

coverage. Among the tested additives as shown in Figure 5.2, 18-crown-6 additive 

significantly improves LED performance, achieving a turn-on voltage of 3 V, peak EQE of 

9.8%, and peak luminance of 13,300 cd m-2. The quasi-2D perovskite with 18-crown-6 additive 

also exhibits a substantial increase in PLQE to 47%, compared to the reference PLQE of 7%, 

under the same 33 mW cm-2 fluence. 

According to Liu et al., the addition of 5AVA could suppress n = 1 and n = 2 phases by 

coordinating -COO- and -NH3
+ groups in 5AVA, forming O-Pb and N-HéBr bonds during 

perovskite crystallisation 172. This suppression of small n phases promotes energy transfer from 

the wide bandgap to small bandgap domains and minimise phases that does not contribute to 

electron-hole recombination 172. However, I did not observe significant improvement by adding 

5AVA to the quasi-2D perovskite with 18-crown-6 additive. Therefore, the champion 

perovskite electroluminescence till this stage is achieved with quasi-2D CsPbBr3 perovskite 

incorporating 18-crown-6 additive. 

5.2.3 Sputtered ITO 

The ITO on glass substrate used within the group is commercially bought from KINTEC. The 

commercial ITO has a sheet resistance of 10-15 /ɋ with a thickness of 160 nm measured 

under AFM, resulting in a calculated conductivity between 4168 ï 6250 S/cm. The KINTEC 

ITO has an average roughness of 4.7 nm and root-mean-square roughness of 6.3 nm. To 

implement the perovskite LED in the resonant structure, the device structure, including the ITO 

layer, must be deposited on top of the photonic crystal. Therefore, in-house sputtered ITO is 

optimised and experimented with. 

Since ITO sputtering is not commonly available within the research group, I explored the 

available sputtering facilities across different departments. The first custom built sputter coater 

I encountered in the Department of Materials Science and Metallurgy has very small target (~1 

cm in diameter), a short target-to-substrate distance (~4 cm) and lacks the capability of sample 

self-rotation. As a result, the thickness variation between the centre and edge of a 2.5 Ĭ 2.5 cm2 

substrate is large (up to 46%). Although the ITO conductivity is acceptable at 2500 S/cm, the 
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thickness variation presents a critical concern for realising thickness-dependent light-matter 

interaction structures. 

 

Figure 5.3 Surface morphology of ITO. (a) Commercial ITO and (b) in-house sputtered ITO 

surface morphology measured under AFM. 

The second sputter coater I encountered is another custom-built RF sputter coater in the 

Department of Engineering. This sputter coater has a larger target (4 inches in diameter) and a 

longer target-to-substrate distance (~10 cm). Although it also lacks the capability of sample 

self-rotation, the resulting ITO thickness is constant (<3% variation) across multiple substrates 

placed on the 4-inch sample holder. Due to limitation of the system, the substrate cannot be 

heated during sputtering, resulting in lower conductivity ITO of 1800 S/cm (ITO conductivity 

measured by Youcheng Zhang) compared to commercial ITO. After optimising the power, 

argon flow and pressure, and balancing transmittance with conductivity, the resulting ITO film 

exhibits thickness-dependent transmittance due to optical interference and absorption, as 

shown in Figure 5.4. The resulting ITO film is very smooth and uniform (average roughness 

of 0.57 nm and root-mean-square roughness of 0.75 nm), compared with the commercial ITO, 

both shown in Figure 5.3. 
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Figure 5.4 LED performance using in-house sputtered and commercial ITO. a, 

Transmittance of in-house sputtered ITO of various thickness and commercial ITO. b-d, 

Current density-voltage curve, luminance and EQE of PeLEDs fabricated with quasi-2D 

CsPbBr3 + 18-crown-6 additive on in-house sputtered ITO and commercial ITO. 

As the resistivity and sheet resistance of the in-house sputtered ITO are higher than those of 

commercial ITO, it is expected that the current density of the in-house ITO devices is generally 

lower than that of the commercial ITO. However, the current density remains similar for ITO 

thicknesses between 85 nm and 136 nm, despite the sheet resistance being thickness dependent. 

The in-house sputtered ITO shows overall higher luminance over current density compared to 

the commercial ITO, leading to significant increases in EQE. The overall improvement in LED 

performance with in-house sputtered ITO is anticipated due to the reduced ITO roughness, 

which potentially improves the perovskite uniformity and well-defined grain boundaries, 

forming a more ordered orientation 203. As the difference in ITO roughness is small, the EQE 

improvement is likely dominated by the optical effects affecting the outcoupling efficiency. 

Among the different thickness of in-house sputtered ITO as shown in Figure 5.4, the 115 nm 

thick ITO shows the higher peak EQE of 14.3% with a peak luminance of 15,400 cd m-2. These 
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results imply that tuning the thickness may affect the outcoupling efficiency of LED and that 

the higher sheet resistance of the ITO may not limit the deviceôs performance. Thus, the in-

house sputtered ITO is suitable for use in the light-matter interaction photonic structures. 

5.2.4 Aluminium vs silver electrodes 

Among the common metal electrodes, including copper, silver and gold, aluminium has a 

proven record of stability and high performance for green and blue LEDs and is reported in a 

vast majority of recent studies. Often paired with aluminium is a thin interlayer of either LiF 

or LiQ, which tunes the band energy of aluminium to lower the Schotty barrier height of the 

device, thus reducing the turn-on voltage and improving charge balance 90,204. Therefore, the 

LED optimisation discussed above is based on aluminium electrodes with the insertion of 1 nm 

thick LiF between the electron transport layer, TPBi and aluminium. 

However, as discussed in Chapter 4, silver is commonly reported as the plasmonic metal with 

the lowest absorption loss within the visible range, with simulations showing the strongest 

light-matter interaction using silver. Silver electrodes were used only in very early bromide-

based perovskite LED studies reporting EQE <1% 205ï208 but have been largely replaced by 

aluminium in more recent high-performing reports due to stability issues. Silver ions tend to 

migrate across buffer layers and degrade the perovskite, forming silver halides such as AgBr, 

as shown in Figure 5.5a 209. 
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Figure 5.5 Aluminium vs silver electrode. a, Degradation mechanism of silver ion 

migration. Adapted from 209. b-d, Current density-voltage curve, luminance and EQE of 

PeLEDs fabricated using aluminium and silver electrodes respectively. 

My first attempt to replace aluminium electrodes with silver resulted in a massive drop in LED 

performance to ~4% EQE using commercial ITO. Compared with the highly repeatable LED 

performance across pixels of the same substrate and across multiple substrates using aluminium 

electrode, many pixels are short-circuited with silver electrode, with only ~40% of pixels 

showing EQE >1%. I suspect that using silver electrode intensifies perovskite degradation, thus 

amplifying the impact of defects and pinholes. 

Given the lack of reports, my reasoning suggests that a slightly thicker interlayer might be 

beneficial. However, since both LiF and LiQ are poor conductors, increasing their thickness 

could negatively impact the device performance. Upon optimisation, the device with 3 nm of 

LiQ with 100 nm of silver showed better repeatability with ~81% pixels having EQE above 

1%. Using the in-house sputtered ITO, the device with structure of ITO/poly-TPD/PVK/quasi-
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2D perovskite with 18-crown-6 additive/TPBi/LiQ/Ag achieved a peak EQE of 9.0% and peak 

luminance of 14,500 cd m-2, as shown in Figure 5.5. 

5.2.5 EQE roll-off in quasi-2D perovskite LED 

Quasi-2D perovskite LEDs commonly experience stronger roll-on and roll-off of EQE when 

sweeping across the current density, compared with their 3D bulk counterparts. The strong roll-

on in efficiency is observed thanks to efficient funnelling and confinement of charge carriers 

in naturally formed quantum well-like structures with a mixed number of inorganic octahedral 

layers. In contrast, the strong roll-off at high current density is likely due to charge injection 

imbalance, Auger-induced luminescence quenching and migration of organic ligands 

89,192,194,210. While this issue is still under investigation and is of interest to us, it is not within 

the specific scope of this work. 

Before and during my active optimisation of LED devices, quasi-2D perovskite green LEDs 

were a prominent focus. However, the significant EQE roll-off limitation restricts the practical 

applications of this perovskite composition, particularly in displays that typically require stable 

luminance ḻ100 cd m2 for long hours and operate at current densities well above 1 mA cm
-2 

211. Thus, more recent reports on high-performing green CsPbBr3 perovskite LED are based on 

other structures, including in situ nanostructures 24, bulk 3D 212 and quantum wires 213, showing 

improved EQE with weak roll-off and better operation stability.  
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5.3 Implementation of light-matter interaction in perovskite LED 

5.3.1 Initial simulation design 

The initial resonant perovskite LED device proposed by Dr. Alberto Jim®nez-Solano as shown 

in Figure 5.6, based on the best light-matter interaction selection from genetic algorithm, is as 

follows: 

Glass substrate/[TiO2 (49 nm)/SiO2(102 nm)]x3/ITO(100 nm)/PEDOT:PSS(50 nm)/quasi-2D 

perovskite(10 nm)/TPBi(30 nm)/silver(100 nm) 

 

Figure 5.6 Initial simulation of Tamm plasmon PeLED structure. a, Simulated reflectance 

of photonic crystal (PC) photonic stopband, photonic crystal + perovskite + transport layers 

and full Tamm plasmon PeLED structure. b, Electric field enhancement, 
ȿȿ

ȿ ȿ
 of the initial 

proposed Tamm plasmon PeLED structure. Finite-difference time-domain simulated angular 

output power of (c) Reference PeLED and (d) Tamm plasmon PeLED. 

After optimising the perovskite LED performance as discussed in Section 5.2, I discovered 

some impracticalities in the proposed Tamm plasmon PeLED structure. First, a 10 nm of 

perovskite is too thin, with a more practical perovskite thickness range for good device 
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performance lies between 30 to 60 nm. Additionally, my best-performing device utilised poly-

TPD/PVK as hole transport layer, thus the proposed PEDOT:PSS needs to be replaced. 

Furthermore, based on the fitting of the fabricated photonic crystal presented in Chapter 4, the 

fabricated photonic crystal has TiO2/SiO2 thickness of 56 nm and 92 nm respectively, 

necessitating updates. 

5.3.2 Updated simulation design based on device optimisation 

Building on the initial simulation design, I optimised and redesigned the structure to more 

closely resemble a functional device. The photonic crystal has been fabricated as described in 

Chapter 4, with the TiO2/SiO2 photonic crystal bilayers already fixed, leaving optimisation 

scope for the ITO, transport layers, perovskite and metal components only. Using the reference 

perovskite LED structure, I realised the degree of freedom for tuning the transport layers and 

perovskite layer is small, if not sacrificing the device performance. Similar to Chapter 4, the 

silver layer is in the semi-infinite regime, thus fine tuning the silver thickness will not tune the 

resonance wavelength. 

However, I showed the degree of freedom of ITO thickness ranges from 80 to 160 nm without 

affecting device performance. As the quasi-2D CsPbBr3 precursor has low saturation point at 

around 0.3 M, the maximum perovskite thickness through spin-coating is ~70 nm. Experiments 

show device performance on par for perovskite thickness ranging between 30 and 60 nm. 

Therefore, in the updated simulation design, I identified two design variables: the ITO 

thickness and the perovskite thickness. 

 

Figure 5.7 Updated simulation of Tamm plasmon perovskite LED structure. a, Simulated 

reflectance of Tamm plasmon PeLED structure. b, Electric field, ȿὉȿ of the updated Tamm 

plasmon PeLED structure. c, Angle dependent resonance simulated using transfer matrix 

model. 
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Through simulation, I found the optimal structure for both light-matter interaction and LED 

performance which has the following configuration: 

Glass/TiO2(56 nm)/SiO2(92 nm)]x3/ITO(90 nm)/poly-TPD(10 nm)/PVK(5 nm)/quasi-2D 

perovskite(26 nm)/TPBi(40 nm)/LiQ(3 nm)/silver(100 nm) 

As shown in Figure 5.7, the optimal structure shows strong resonance at 511 nm, with electric 

field confinement within the perovskite layer. Instead of using the finite-difference time-

domain output power simulation, I used an angle-dependent transfer matrix model to simulate 

the angle dependency of the resonance modes. The resonance wavelength exhibits strong 

forward directionality (resonance at small angles) and displays a blue shift with increasing 

angle. As perovskite has narrow electroluminescence, the output power should show significant 

angle-dependent intensity change as the resonance blue-shifts. 

5.3.3 Experiment realisation 

In Chapter 4, the simulated resonance matches well with the experimental results. With well-

defined control of perovskite thickness through precursor concentration established in Chapter 

4, and considering that the 18-crown-6 additive does not significantly impact the perovskite 

thickness, the experimental realisation of narrow-angle-Tamm-plasmon-driven PeLED is 

straightforward. As shown in Figure 5.8a, the optimised LED device structure on the photonic 

crystal without silver exhibits a good photonic stopband. When completed with the silver layer, 

the Tamm plasmon resonance is sharp and aligns with the original perovskite LED 

electroluminescence. Thanks to the sharp resonance, the electroluminescence of the narrow-

angle-Tamm-plasmon-driven PeLED shows a narrower FWHM of 12.1 nm compared to the 

reference PeLED, which has a FWHM of 22.4 nm. 
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Figure 5.8 Experimental realisation of the Tamm plasmon perovskite LED. a, Schematic of 

the full Tamm-plasmon-PeLED structure. b, Reflectance measurement of photonic crystal, 

Tamm-plasmon-PeLED structure without silver, and the full Tamm-plasmon-PeLED 

structure. Reference PeLED electroluminescence is shown as dashed line. b, The 

electroluminescence spectra of reference PeLED and narrow-angle-Tamm-plasmon PeLED. 

Reflectance of the narrow-angle-Tamm-plasmon PeLED structure is shown as dashed line. 

5.3.4 Angle-dependent electroluminescence 

The angle-dependent electroluminescence of reference, narrow-angle-Tamm-plasmon and 

wide-angle-Tamm-plasmon PeLEDs was measured using the third angular setup depicted in 

Figure 4.11, replacing laser excitation with a driving current to power the LEDs. To achieve 

the results presented in Figure 5.9, I experimented with various rotation speed and driving 

current to obtain a strong signal without significant device degradation. Ultimately, the best 

results were achieved with a rotation speed of 3Á/s, resulting in a total measurement time of 36 

seconds across 180Á, with all LEDs operated at a constant current density of 0.44 mA cm-2. 
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Figure 5.9 Angle-dependent electroluminescence of (a) reference PeLED, (b) narrow-angle-

Tamm-plasmon PeLED and (c) wide-angle-Tamm-plasmon PeLED collected across the 

PeLED surface macroscopically. White dashed line in (a,b): EL as a function of angle 

integrated from 490 nm to 540 nm. White dashed line in (c): normalised EL integrated from 

490 nm to 540 nm. EL intensity of all configurations each normalised accordingly (see colour 

bar). 

As expected from an isotropic emitter, the electroluminescence of a reference PeLED is 

Lambertian, with a constant electroluminescence peak wavelength at 513 nm across all 

collection angles. The narrow-angle-Tamm-plasmon-driven PeLED, which matches the Tamm 

plasmon resonance with the electroluminescence peak of the PeLED, exhibits strong 

enhancement in electroluminescence intensity at small angles and significant attenuation in 

intensity at angles above 30Á. This observation mirrors the angular photoluminescence 

observations of the narrow-angle-Tamm-plasmon-perovskite structure shown in Subsection 

4.3.2, demonstrating successful implementation of light-matter interaction from 

photoluminescence to electroluminescence. 

The narrow-angle-Tamm-plasmon PeLED shows an electroluminescence enhancement by a 

factor of 1.8 in the forward direction, with a narrowed angular FWHM of 36.6Á, compared to 

the reference PeLED with an angular FWHM of 143.9Á. A slight blue shift in the 

electroluminescence spectrum is observed from 0Á to 30Á, attributed to the blue shift of the 

Tamm plasmon modes with increasing angle, as shown in Figure 5.9b. Beyond this range, 

further increase in the collection angle results in a significant suppression of 

electroluminescence intensity as the Tamm plasmon modes decouple from the original 

electroluminescence of the quasi-2D perovskite. Although the enhancement in 
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electroluminescence is somewhat reduced compared to the photoluminescence structure in 

Chapter 4 due to design limitations of the device structure, the results remain convincing and 

demonstrate significant potential for forward directional emission. 

With a thicker perovskite layer, a wide-angle-Tamm-plasmon-driven PeLED can be realised, 

showing the flexible tunability of Tamm plasmon resonance. Figure 5.9c exemplifies wide-

angled electroluminescence demonstrated in the wide-angle Tamm-plasmon-driven PeLED 

using 54 nm thick perovskite films. The red-shifted electroluminescence spectrum at small 

angles gradually blue-shifts with increasing collection angle due to shifts in Tamm plasmon 

resonance modes, and the electroluminescence intensity reaches its maximum when the Tamm 

plasmon modes resonate with the perovskite electroluminescence. 

5.3.5 Comparison of LED performance 

As the device structure of reference and resonant LEDs are identical, one would expect their 

electrical properties to be similar. Indeed, the current density vs voltage curve for the LEDs is 

identical. This consistency indicates that the photonic crystal layers are smooth, uniform, and 

situated below the ITO contact, thereby not altering the electrical characteristics of the PeLED 

device. The highest forward luminance achieved by the narrow-angle Tamm-plasmon PeLED 

reached 21,800 cd m-2, significantly surpassing the maximum luminance of the reference 

PeLED at 14,500 cd m-2. For applications such as displays, where forward directional emission 

is crucial, current efficiency ï defined as the ratio of forward luminance to current ï is a more 

relevant parameter. Figure 5.10b illustrates that the maximum current efficiency of the Tamm-

plasmon-driven PeLEDs, at 61.8 cd A-1, is much higher than that of the reference PeLEDs, 

which is 29.6 cd A-1. 
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Figure 5.10 LED performance. a, Current densityïvoltageïluminance performance of 

reference PeLED and narrow-angle-Tamm-plasmon-driven PeLED. Inset: schematic of 

Tamm-plasmon-driven PeLED. b, Current efficiencyïcurrent density curve of reference and 

narrow-angle-Tamm-plasmon PeLED. Inset: EQEïcurrent density curve considering 

emission over all angles. c, Current densityïvoltageïluminance performance of wide-angle-

Tamm-plasmon-driven PeLED. b, Current efficiencyïcurrent density curve of wide-angle-

Tamm-plasmon PeLED. 

Although there is an enhancement in forward-direction electroluminescence for the Tamm 

plasmon PeLED, there is a reduction in total EQE, as this measure considers emission in all 

directions (inset Figure 5.10b). This reduction aligns with the drop in photoluminescence 

quantum efficiency (PLQE) in the Tamm plasmon PeLED compared to the reference PeLED. 

The PLQE of the quasi-2D perovskite film with the 18-crown-6 additive is 47Ñ2%, while for 

the reference PeLED stack and the Tamm plasmon PeLED stack, it is 6Ñ1% and 3Ñ1%, 

respectively, all measured at an excitation fluence of 33 mW cm-2. The drop in PLQE for both 

the reference and Tamm plasmon PeLED stacks compared to the quasi-2D perovskite film with 

18-crown-6 is attributed to quenching by the transport layer and metal electrode. The decrease 

in EQE and PLQE of the Tamm plasmon PeLED compared with the reference PeLED may be 

related to optical losses typical in coupling systems, which could be mitigated with more 

careful design and improved perovskite quality. 
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The wide-angle Tamm-plasmon PeLED exhibits a current densityïvoltage curve similar to that 

of the reference and narrow-angle counterparts. The luminance, measured in the forward 

direction, decreases due to the wide-angle directionality, resulting in a corresponding drop in 

forward current efficiency. The EQE of the wide-angle Tamm-plasmon PeLED is comparable 

to that of the narrow-angle counterpart, indicating similar optical losses due to the photonic 

coupling structures. 

5.3.6 Transient photoluminescence on the LED structure 

The transient photoluminescence of the reference and narrow-angle-Tamm-plasmon-driven 

PeLED structure was measured to compare the observations with Subsection 4.3.7, which 

showed significant quenching between the reference perovskite films with and without silver. 

Here, the perovskite film within the reference PeLED, both with and without silver, interfaces 

similarly with the TPBi layer. Thus, the photoluminescence lifetime of both reference PeLED, 

with and without silver, are very much similar due to the similar perovskite ï TPBi interface, 

showing effective lifetimes of 10 ns in Figure 5.11. The photoluminescence lifetime of the 

reference and Tamm plasmon PeLED is also almost identical, with effective lifetime of 10 ns 

and 8.5 ns respectively, which aligns with the trends observed in Subsection 4.3.7. As discussed 

in that section, a small (<10%) lifetime decrease in lifetime is typical in weak coupling systems 

псΣптΣмтпΣмтр. The reported resonant structure resides within the weak coupling regime, which is 

beneficial for enhancing spontaneous emission and absorption 214. 

 

Figure 5.11 Transient photoluminescence of PeLED structure. Time-resolved PL of 

reference PeLED without silver (Ag), reference PeLED and Tamm-plasmon-driven PeLED 

with effective lifetimes of roughly 10 ns, 10 ns and 8.5 ns respectively. All perovskite films 

shown in this figure are quasi-2D perovskite with 18-crown-6 additive. Samples are excited at 
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5 nJ cm-2 pulse-1 with Edinburgh Instruments FLS1000. Effective lifetime is defined as the 

time required for PL intensity reduces to e-1 of the initial intensity. 

5.3.7 Electroluminescence stability 

To verify the reliability of the angular electroluminescence findings in Subsection 5.3.4, the 

stability of the LEDôs electroluminescence was measured at a consistent current density. As 

shown in Figure 5.12, the electroluminescence of the quasi-2D PeLED, operated at a constant 

current density of 0.44 mA cm-2, diminishes to 90% of the initial value within 100 s, a duration 

longer than the full angular electroluminescence 180Á rotation cycle (requiring 36s). As noted 

in Subsection 5.2.5, a significant shortfall of quasi-2D perovskite LEDs is their instability at 

higher currents, leading to rapid degradation under increased bias. Nonetheless, the operational 

half-life of 30 minutes provides ample time to complete measurements required for a proof-of-

concept. 

 

Figure 5.12 Electroluminescence stability. The normalized luminance of the PeLED was 

measured at a constant current density of 0.44 mA cm-2, equivalent to the current density used 

for angular electroluminescence measurements. The LED is operated at a relatively high 

current to achieve high luminance, ensuring a sufficient signal-to-noise ratio for detection by 

the sensor positioned 10 cm from the sample. 
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5.4 Discussion 

5.4.1 Flexibility across the spectrum 

In Chapter 4, the light-matter interaction based on metal-metal microcavities, DBR-DBR 

microcavities and the Tamm plasmon structure is compared. Given a minimum number of 

photonic crystals layer pairs (n = 3 for each side), the DBR-DBR microcavities show 

significantly lower electric field enhancement, alongside having the highest fabrication 

complexity among the three systems. The Tamm plasmon structure achieves a slight advantage 

in electric field enhancement compared to the metal-metal microcavities when employing a 

minimal number of photonic crystal layer pairs (n = 3), thanks to the stronger plasmonic 

confinement in both systems. However, the metal-metal cavity shows less fabrication 

complexity given a smaller number of layers required. Thus, it is worth comparing the 

performance of both the Tamm plasmon structure and metal-metal microcavities, considering 

the limitations of device structures. 
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Figure 5.13 Simulated Tamm plasmon and metal-metal cavities incorporating high-

efficiency device structures in (a,d,g) blue 25, (b,e,h) green 24 and (c,f,i) red 23 perovskite 

LEDs. (a-c) Resonance of Tamm plasmon structures and metal-metal cavities. The Tamm 

plasmon structure is simulated following the device structures reported. The thicknesses of 

the device structure of metal-metal cavities are multiplied by a constant factor (blue: 0.88; 

green: 1.01; red: 0.85) to ensure the resonance matches the reported electroluminescence. By 

minimising changes to the device structure thickness ratio, we ensure minimum changes to 

electrical device performance (e.g. charge balance from the reported papers). (d-f) Refractive 

index (black line) and electric field intensity (orange line) across the metal-metal cavity 

structures. (g-i) Refractive index (black line) and electric field intensity (blue line) across the 

Tamm plasmon structures. The green stripe shows the perovskite layer. To realise good 

electric field confinement in the Tamm plasmon structure, the number of photonic crystal 

layer pairs is tuned and an extra TiO2 layer is added as shown in (g-i) to match the optical 

properties of the hole-transport layer/perovskite/electron-transport layer in the reported 

device structure. 
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In Figure 5.13, the simulations of optimised metal-metal microcavities and Tamm plasmon 

structures are based on reported best-performing perovskite LED device structures in blue, 

green and red respectively. For the metal-metal microcavity, the thick metal layer is set to 100 

nm, which is typical for perovskite LED devices, and the semi-transparent metal layer is set to 

25 nm thick, which is optimal for LED contact, emission outcoupling and resonance gain. For 

perovskite LEDs, the transport layers and perovskite thicknesses are optimised for charge 

balance, as each layer has different carrier mobility. Thus, to tune the resonance wavelength to 

match each LEDôs electroluminescence without sacrificing the device performance, all 

transport layers and perovskite thicknesses were multiplied by constant factors of 0.88, 1.01 

and 0.85 for blue, green and red respectively, to achieve the electric field enhancement shown 

in Figure 5.13 d-f. 

One significant advantage of Tamm plasmon structure over the metal-metal microcavity is the 

flexibility in design freedom. Instead of tuning the transport layers and perovskite thicknesses, 

which would affect device performance, tuning the photonic crystal material, number of layer 

pairs, and thicknesses can effectively control the resonance wavelength, electric field 

enhancement, and outcoupling efficiency. Additionally, I found increasing electric field 

enhancement with reducing ITO thickness is due to the ITO high real refractive index, n and 

high absorption loss of ITO, especially in the red regime. Through experimenting the ITO 

thickness, as discussed in Subsection 5.2.3, I found minimal device performance drop using 

ITO thicknesses in the range of 50-160 nm. Notably, for a reference device, the ITO thickness 

can significantly impact the outcoupling efficiency due to optical effects. Therefore, adjusting 

the ITO thickness within the range of 50-160 nm is feasible without compromising device 

performance. Finally, the optimised Tamm plasmon structure in blue, green and red are shown 

in Figure 5.13 g-i. 

For all three blue, green and red examples, the Tamm plasmon structure demonstrates better 

spectral narrowing (sharper resonance) and outcoupling efficiency (lower reflectance), as 

shown in Figure 5.13 a-c. The electric field enhancement, calculated by integrating the electric 

field intensity within the perovskite layer, is normalised to the respective Tamm plasmon 

structure for comparison. The normalised integrated electric field enhancement are as follows: 

blue (1.0 in Tamm plasmon, 0.41 in metal-metal), green (1.0 in Tamm plasmon, 0.61 in metal-

metal) and red (1.0 in Tamm plasmon, 0.92 in metal-metal), with the Tamm plasmon structure 

outperforming the metal-metal cavity in all colours. The Tamm plasmon structure offers greater 

design flexibility by allowing the exploration of various photonic crystal materials, an area that 
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remains unexplored. In contrast, the electric field intensity values for metal-metal cavities are 

nearly at their maximum limits due to constraints between outcoupling efficiency and 

resonance gain for the semi-transparent metal thickness, attributed to the high absorption loss 

in metal. 

Besides the advancements in electrical field enhancement, the Tamm plasmon structure uses 

the exact reported device configuration, with ITO and metal as electrodes and only electrically 

inactive photonic crystal beneath the ITO for optical modifications. Conversely, implementing 

metal-metal microcavity LED devices is challenging due to several factors. Significant 

optimisation is required to grow perovskite on metal surface, a process that is rarely reported. 

Additionally, the choice of transport layers is more limited, as some transport layers, such as 

self-assembled monolayers and ZnO, requires interaction with ITO. Furthermore, substantial 

optimisation is needed to enhance the LED performance with a thin metal electrode, which 

typically suffers from poor coverage. 

5.4.2 Tamm plasmon modes or microcavity structure? 

As discussed in Section 2.1, structures that consist of a metal and photonic crystal can form 

either hybrid metal-photonic crystal microcavities or Tamm plasmon structures. The working 

principles and definitions of these two are distinctly different. For microcavities, standing 

waves form within the cavity length between two mirrors. For Tamm plasmon structures, 

localised surface states form at the terminated edge of semi-infinite crystals. The design criteria 

for these structures also differ. In microcavities, the resonance coupling strength depends on 

the mirrorôs reflectivity, while the resonance wavelength and number of modes depend on the 

cavity length. For Tamm plasmon structures, the underlying photonic layers must form semi-

infinite photonic structures with good photonic stopband. The Tamm plasmon resonance 

wavelength is dependent on the metal and the high refractive index layer thicknesses at the 

metal-photonic crystal interface. 

In Chapter 4, the proposed structure is simple, with a thin 30 nm perovskite replacing the high 

refractive index TiO2 layer at the metal-photonic crystal interface, clearly forming a Tamm 

plasmon structure. However, in this chapter, due to the addition of device structure, although 

the structure design is based on Tamm plasmon principles and we demonstrated that the 

photonic crystal and device layers without silver form a photonic stopband, the arrangement of 

refractive indices across the photonic crystal and device structures is not perfectly periodic. 
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The microcavity community might consider the proposed resonant LED structure as a hybrid 

metal-photonic crystal microcavity if the device structures are assumed to function as the cavity 

medium. This could be plausible by estimating the cavity length, taking into account the optical 

length of device structure: ITO/poly-TPD/PVK/quasi-2D perovskite/TPBi. The calculated 

cavity length falls within the range of half the resonance wavelength, equivalent to a cavity 

mode of m = 1. However, since cavity length typically extends into the cavity mirrors by the 

penetration depth, the estimation is not straightforward, necessitating advanced calculations for 

accurate results. 

Therefore, I acknowledge that the proposed structure arguably lies in the grey area between 

Tamm plasmon modes and a hybrid metal-photonic crystal microcavity. Regardless of how the 

proposed resonant LED structure is categorised, the aim of this work is not to present new 

physics concept, as these phenomena have been previously reported. Instead, the unique 

contribution of this work is to demonstrate a systematic approach to designing light-matter 

interactions in perovskite LED devices, from simulation to experimental realisation, together 

with a comprehensive study of light-matter interactions in both micro and macro scales, as well 

as showcasing the tunability of the structure.  
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5.5 Conclusion 

In summary, a perovskite LED exhibiting strong angular and spectral narrowing of 

electroluminescence has been developed and demonstrated using a hybrid metal-photonic 

crystal structure. A series of LED device optimisations allowed for an understanding of the 

tunable thickness range of each device layer without sacrificing performance. Leveraging this 

design flexibility, the Tamm plasmon resonance was first optimised via transfer matrix model 

simulation. The experimental realisation of the Tamm plasmon perovskite LED showed strong 

electroluminescence angular and spectral narrowing (angular FWHM: 36.6Á; spectral FWHM: 

12.1 nm) compared to the reference perovskite LED (angular FWHM: 143.9Á; spectral FWHM: 

22.4 nm). The findings in this chapter provide proof-of-concept for integrating light-matter 

interaction in perovskite LEDs, from simulation to optimised fabrication. The proposed 

structure design is versatile and robust, demonstrating flexibility across the reported high-

performance perovskite LED device structures within the visible spectrum. It holds potential 

for applications requiring precise angular control, emission intensity and colour purity, such as 

displays, optical communications, virtual reality headsets, directional light sources, optical 

aligners and measuring systems.  
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Chapter 6  

Resonant cavity-enhanced perovskite 

narrowband photodetector  

 

In this chapter, we build upon the resonant structure initially developed for perovskite LEDs 

and adapt it to create a high-performance narrowband perovskite photodetector. This 

adaptation is driven by the promising potential of enhanced absorption observed under 

resonant conditions. The chapter explores how the light-matter interaction within the resonant 

cavity leads to significant enhancement, spectral narrowing, and precise control over the 

deviceôs tunability. When combined with the intrinsic properties of perovskites ï such as their 

strong absorption coefficients, tunable bandgaps, and solution-processable nature ï the 

resonant structure enables the development of a photodetector that is not only highly efficient 

but also customisable for specific wavelengths. The chapter delves into the design, simulation, 

and experimental validation of this resonant cavity-enhanced perovskite narrowband 

photodetector, highlighting its potential for advanced applications in optical sensing and 

imaging. 

 

 

The content in this chapter has been adapted from Ooi, Z. Y. et al. Resonant cavity effect for 

spectrally tunable and efficient narrowband perovskite photodetectors. ACS Photonics, under 

revision (2025) 154. Photodiode response time, frequency bandwidth and linear dynamic range 

were measured together with Shenyu Nie. HAADF-EDX cross-sectional image was measured 

and analysed by May Ching Lai. The author of this thesis performed all other simulations, 

experiments, and data analysis, unless otherwise specified.  
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6.1 Introduction 

Optical sensing plays a pivotal role in modern technology, enabling precise detection and 

analysis of light across various applications, from environmental monitoring to medical 

diagnostics and telecommunications. As the demand of advanced sensing capabilities in smart 

technologies grows, optical sensing has become increasing critical, offering exceptional 

precision and efficiency for various cutting-edge applications. 

An ideal photodetector must be capable of detecting signals within specific wavelengths while 

effectively filtering out background noise 215. This capability is essential for applications such 

as optical communications, night-vision, environmental sensing, biomedical imaging and 

motion detection 216. Furthermore, such a photodetector should provide precise spectral control, 

along with high sensitivity, speed, and dynamic range. These attributes are particularly 

important in advanced applications like colour imaging 6ï8, machine vision 6ï8, multi-spectral 

sensing 9,10 and hazard detection 4,5, where accuracy and performance are crucial. 

In conventional photodetector technology, controlling the spectral response has typically relied 

on a variety of techniques, including the use of lenses, optical filters, and resonant microcavities. 

These methods have been effective to some extent, but they often introduce complexity and 

limitations in terms of device integration and overall performance. Emerging optoelectronic 

materials like perovskites, however, offer several significant advantages that traditional silicon 

and III-V semiconductors lack. Halide perovskites offer unique benefits, including tunable 

bandgaps, ease of processing through solution-based methods, while also having high 

absorption coefficients. These properties make perovskites particularly attractive for next-

generation photodetectors. 

To control the broadband response of perovskite photodetectors, recent research has explored 

innovative filter-less techniques, such as charge collection narrowing, which typically involves 

a thick absorber layer to surpass the penetration depth of short-wavelength photons 115. 

However, these methods often suffer from sub-optimal photodetection efficiency due to the 

very thick absorber layer and limited adaptability to different spectral regions. On the other 

hand, the use of resonant microcavities has emerged as a more promising approach. Resonant 

microcavities not only offer superior tunability of the spectral response but also enhance the 

overall performance of the photodetector, providing high sensitivity and robustness. This 

makes them a compelling choice for developing advanced photodetectors that meet the 
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growing demands of modern optical sensing applications, addressing the shortcomings of 

current state-of-the-art devices, which still lack sensitivity, response speed, and spectral control. 

This chapter presents the development of a hybrid metal-photonic crystal resonant cavity 

enhanced perovskite photodetector. By integrating the full perovskite photovoltaic device 

structure within the resonant cavity, we demonstrated precise control over both angular and 

narrowband peak wavelengths. Through careful tuning of the structure, we achieved a 

narrowband quantum efficiency of up to 80% and a responsivity of 0.41 A W-1, with an 

enhancement factor of 2.4. The photodetector features a spectral FWHM of 38 nm and operates 

within a tunable narrowband wavelength range of 70 nm, achieved by simply adjusting the 

perovskite layer thickness. The incorporation of hybrid metal-dielectric mirrors requires 

minimal modifications to conventional high-performance perovskite devices, and simulations 

show that this design can be flexibly implemented across the visible spectrum. Consequently, 

this resonant cavity-enhanced perovskite photodetector is highly advantageous for applications 

demanding precise spectral control and superior photodetection performance.  
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6.2 Development of a resonant cavity in a photodetector device 

The idea of developing a resonant cavity-enhanced perovskite photodetector originated from 

observations made during the study of the Tamm plasmon perovskite structure, as detailed in 

Chapter 4, which indicated a significant enhancement in perovskite absorption due to resonance. 

Building on these findings, the idea emerged to apply this resonance phenomenon to perovskite 

photovoltaics to enhance their efficiency through improved absorption. Since optical resonance 

provides narrowband enhancement and angle sensitivity, this approach offers notable 

advantages for narrowband photodetectors which benefit from precise colour control and 

flexibility. 

As discussed in Subsection 5.4.2, the naming of the resonant structure can be debatable, 

particularly after incorporating the device structure, as the modified configuration does not 

conform to a clean DBR to clearly define it as a Tamm plasmon structure. Furthermore, since 

photodetectors typically have a thicker absorber layer than the LEDs discussed in Chapter 4 

and Chapter 5, the resonant structure in this photodetector project is more appropriately 

classified as a resonant microcavity. Additionally, as this work does not include in-depth studies 

of advanced plasmonic properties, using the Tamm plasmon terminology may not be fully 

applicable. To avoid further debates or confusion, this new project has been named a resonant 

cavity-enhanced perovskite photodetector. 

6.2.1 First design ï CsPbBr3-based perovskite photodetector 

Building on prior experience on the CsPbBr3 perovskite, as detained in Chapter 4 and Chapter 

5, along with the available photonic crystal substrates featuring a photonic stopband in the 400 

ï 700 nm range, initial design for a resonant cavity-enhanced photodetector is focused on 

CsPbBr3 to create a narrowband green photodetector. To broaden the scope and potential 

applications of this project, we have kept the possibility open for creating a dual-function LED-

photodetector in a single device, as proposed by Bao et al. using a FAPbI3-based perovskite 217. 

A dual-function LED-photodetector can enable bidirectional operation, streamline system 

design, and offer cost advantages 217. However, early in the process, challenges in fabricating 

such a dual LED-photodetector device were identified. While CsPbBr3 is commonly used for 

LEDs, its application in light harvesting is limited by the lack of suitable transport layers. In 

contrast, for FAPbI3, both LEDs and light harvesters has been widely reported using transport 

layers with energy levels matching the valence and conduction bands, allowing easy adaptation 
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between the LED and light harvesting modes through bias control 217. This energy matching 

for transport layers is not yet available for CsPbBr3. 

 

Figure 6.1 Optimisation of CsPbBr3 perovskite photodetector. a, Optimising perovskite CsBr: 

PbBr2 ratio. 1:1 ratio is typically used in light harvesting, while excess Cs is typically used in 

light emitting. The ideal quasi-2D CsPbBr3 composition for light emitting is compared. All 

devices have device structure of ITO/poly-TPD/PVK/perovskite/C60/BCP/Ag unless specified. 

b, Optimising hole transport layers for perovskite with CsBr : PbBr2 ratio of 1 : 1. 

Nevertheless, the photovoltaic quantum efficiency of the quasi-2D CsPbBr3 perovskite LED 

device is measured. As anticipated, the photocurrent was negligible due to the mismatch in 

energy band alignments. When the same quasi-2D perovskite was tested using a standard p-i-

n photovoltaic architecture with C60 as the electron transport layer, a detectable photocurrent 

was observed, as shown in Figure 6.1a. However, the photocurrent remained low due to the 

thin (~50 nm) absorption layer. The thickness of the quasi-2D perovskite film was constrained 

by the low solubility of CsBr, which limits the precursor saturation concentration to 0.25 M. 
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Figure 6.2 Secondary phases of CsPbBr3. a, Schematic diagram of primary phase CsPbBr3 

and secondary phases of CsPb2Br5 and Cs4PbBr6 formed with excess PbBr2 and CsBr 

respectively. b, SEM image showing morphology of each phase. Reproduced with permission 

218. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Given multiple optimisations still led to low EQE signals in the quasi-2D CsPbBr3 perovskite, 

the photodetection capabilities of their 3D bulk counterparts were also investigated. 

Experimental optimisation of the bulk CsPbBr3 LEDs revealed that a CsBr to PbBr2 ratio of 

1.5: 1 yielded the highest photoluminescence, achieving an EQE of approximately 1%. As 

shown in Figure 6.2, a CsBr-rich composition results in the formation of a CsPbBr3-Cs4PbBr6 

composite, which reduces grain size, increases film coverage, enhanced fluorescence lifetime, 

and improves passivation of perovskite defects 219. These LEDs were tested with a device 

configuration of ITO/PVK/perovskite/TPBi/LiF/Al. For light harvesting, the formation of Pb-

rich and Cs-rich phases is undesirable because their incompatible wider bandgaps hinder charge 

transport in CsPbBr3. The Cs-rich [PbBr6]
4- octahedra, separated by Cs+ ions, lead to weak 

electronic overlap. This results in localised trapped charge carriers, which increases the 

likelihood of recombination and impedes charge extraction 220. Consequently, pure CsPbBr3, 

formed at a ratio of 1: 1, proves ideal for light harvesting, as demonstrated by the highest EQE 

observed in Figure 6.1a. This observation is consistent with the results reported by Mehrabian 

et al. 221. 

The device structure is further optimised by using MeO-2PACz as the hole transport, a typical 

in p-i-n photovoltaics configuration. MeO-2PACZ is a self-assembled monolayer that reduces 

parasitic absorption, interfacial losses, and electrical losses compared to polymer transport 

a

+ CsBr+ PbBr2

b
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layers 222. As shown in Figure 6.1b, CsPbBr3 demonstrates good compatibility with MeO-

2PACz and exhibits improved EQE across the spectrum. 

In Figure 6.1a, all devices with the configuration of ITO/poly-

TPD/PVK/perovskite/C60/BCP/Ag were forward biased to test LED performance, but none 

successfully turned on, with at most a brief blink observed. In contrast, a similar device using 

TPBi as the electron transport layer was able to turn on as an LED and showed 

electroluminescence, indicating that the issue lies with the C60. C60 has a bandgap of 

approximately 2.0 eV, which is smaller than that of CsPbBr3 perovskite, leading to competition 

in absorption with the perovskite layer. Additionally, the energy alignment of C60 is not optimal 

for CsPbBr3 perovskites. Furthermore, studies have shown that C60 can form a defective 

interface with many perovskite absorbers 223, all of which likely contribute to non-radiative 

recombination losses.  

These results highlight the challenges in fabricating a dual LED-photodetector device with 

CsPbBr3. The quasi-2D perovskite excels as a light emitter but is a poor light harvester, while 

the 3D perovskite performs the opposite function. Achieving reasonable performance for both 

LED and photodetection requires a trade-off, which further diminishes the already suboptimal 

performance. Additionally, the low solubility of CsBr limits the fabrication of thick films for 

effective light harvesting. Alternative approaches are needed, such as reducing CsBr in the 

composition, adding solubility-enhancing additives or using evaporation techniques. The lack 

of suitable transport layers for the p-i-n device configuration also necessitates exploring new 

device configurations. For p-i-n iodide-based light-harvesting devices, common electron 

transport layers like C60 and phenyl-C61-butyric acid methyl ester (PCBM) have bandgap 

between 1.7 to 2.0 eV, which are lower than those of bromide-based perovskites 224,225. 

Therefore, an n-i-p device configuration with metal oxides as electron transport layers is 

required. However, all the above suggestions are not supported by well-established methods 

and require sophisticated optimisation. 
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Figure 6.3 Optimisation of mixed cation lead bromide perovskite photodetector. a, 

Optimising mixed cation perovskite with composition of FA0.9Cs0.1PbBr3 and 

(FA0.7MA0.1GA0.2)0.87Cs0.13PbBr3, both antisolvent-treated with chloroform during the spin-

coating process. All devices have device structure of ITO/MeO-2PACz/perovskite/C60/BCP/Ag 

unless specified. b, Optimising the BPA additive and treatment on the  

(FA0.7MA0.1GA0.2)0.87Cs0.13PbBr3 perovskite. All antisolvent-treated with TPBi dissolved in 

chloroform during the spin-coating process. 

Due to the multiple limitations of the dual LED-photodetector approach and because the 

primary goal of the work is to implement a resonant structure with perovskite devices, the focus 

was subsequently narrowed down to developing a resonant-enhanced perovskite photodetector. 

To improve light harvesting performance, I experimented with mixed-cation lead bromide 

perovskite to increase precursor concentration and produce thicker films. As shown in Figure 

6.3a, a FA0.9Cs0.1PbBr3 film fabricated from a 1 M solution achieved an EQE of up to 80% at 

400 nm. However, the EQE was capped at 65% at 500 nm, despite further adjustments to the 

perovskite thickness, likely due to parasitic absorption losses and high non-radiative 

recombination. Another composition, (FA0.7MA0.1GA0.2)0.87Cs0.13PbBr3, was also tested with a 

concentration of up to 1.2 M. Following the LED report, benzylphosphonic acid (BPA) was 

added as an additive for nano-pinning of the perovskite and also used to treat the perovskite to 

form an in-situ core-shell structure 24. Despite using very thick films and optimising various 

parameters, the EQE reached a maximum of 60% at 500 nm. The film quality remained subpar 

after numerous attempts, likely due to the complex recipe being difficult to reproduce 

consistently. 
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The experimental optimisations with bromide-based perovskite revealed that its light 

harvesting performance does not match that of the reported iodide-based counterparts. This led 

me to explore other alternatives for resonant cavity implementation that are ideally compatible 

with our available photonic crystal, which features a photonic stopband in the 400 ï 700 nm 

wavelength range. I found that the requirements for resonant cavities differ from those for 

LEDs. For LEDs, the photonic stopband centre must align with the narrow luminescence 

wavelength, which is around 500 nm with our photonic crystal. In contrast, for photodetectors, 

the perovskiteôs broad absorption curve means that compatibility with the photonic crystal is 

not restricted to bromide-based perovskites. Iodide-based perovskite, in fact, offer a broader 

range of spectral tunability due to their broader absorption range. 

6.2.2 Second design ï FAPbI3-based perovskite with MACl additive 

Given this, I investigated iodide-based perovskites, hypothesising that their implementation 

might exhibit resonance within the 400 ï 700 nm regime. I began with FAPbI3-based perovskite, 

incorporating MACl additive, following a well-established and straightforward recipe that 

produced high-quality black films 129. The FAPbI3 device demonstrated high light harvesting 

efficiency and, importantly, good thermal and photostability 129. 

 

Figure 6.4 Optimisation of FAPbI3-based perovskite photodetector. EQE of FAPbI3 device 

fabricated at various precursor concentration to vary the film thickness. 

Minimal optimisation of the FAPbI3
 recipe was performed before achieving excellent film 

quality, consistent device performance, and high EQE, using thick absorber film fabricated 

from a 1.8 M precursor, as shown in Figure 6.4a. Previous studies indicate that iodide-

perovskite absorbers with thickness between 400 nm and 1 Õm achieve broad and flat 

absorption curves with maximum EQE 226. Further experimentation with the recipe focused on 
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optimising spin-coating and anti-solvent processes with varying precursor concentrations to 

evaluate device performance across different absorber thicknesses. AFM measurements 

revealed that the 0.36 M precursor concentration forms 120 nm thick film, 0.72 M precursor 

concentration form 240 nm thick film, and 1.08 M precursor concentration for 390 nm thick 

film. Precursor concentrations of 1.44 M and 1.80 M produced films much thicker than 400 

nm. As shown in Figure 6.4a, devices with absorber layers thicker than 400 nm exhibited a 

uniform 85% EQE across a broad range. As the thickness decreased from 390 nm to 120 nm, 

the EQE at 400 nm wavelength remained nearly constant at 90%, but the EQE declined at 

longer wavelengths. This is expected because the absorptance of FAPbI3 decreases as 

wavelength increases, approaching its bandgap near 800 nm, as shown in Figure 6.5. Since the 

absorption depth of light is inversely proportional to the absorption coefficient, longer 

wavelengths penetrate deeper before being absorbed, which accounts for the decrease in EQE 

at longer wavelengths as the absorber thickness reduces. 

 

Figure 6.5 Absorptance of FAPbI3. Red line shows the actual FAPbI3 absorption on ITO, 

calculated by subtracting the absorption of the ITO from the absorption of ITO/FAPbI3 

structure. 

Overall, the FAPbI3-based device demonstrated strong light-harvesting performance across a 

broad range of thickness, from 120 nm to over 400 nm. This provides flexibility in thickness 

control while ensuring good performance, making it suitable for resonant structure 

implementation. The initial resonant structure was roughly optimised using the transfer matrix 

model to estimate the required layer thickness for achieving resonance. 
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Figure 6.6 Improve surface wettability with PVP. Optimisation of PVP film thickness on 

MeO-2PACz to improve the wettability of perovskite precursor without sacrificing device 

performance. The perovskite thickness is fixed at approximately 100 nm. 

During the transfer of the FAPbI3 device structure onto the photonic crystal substrate, a 

significant issue was encountered. Previous device optimisation has been carried out on a 

commercial ITO substrate using MeO-2PACz as the hole transport layer. MeO-2PACz, a self-

assembled monolayer, reacts with the ITO surface through covalent bonding, altering its 

surface energy, wettability, and roughness 227. As detailed in Chapter 5, the ITO layer on the 

photonic crystal was sputtered in-house without heating, resulting in lower roughness 

compared to the commercial ITO due to the different fabrication parameters. When attempting 

to deposit FAPbI3 onto the in-house ITO/MeO-2PACz, the film failed to form because of poor 

surface wettability. This was a surprising observation, as the formation of the self-assembled 

monolayer on the in-house ITO appeared to worsen the wettability. FAPbI3 was able to form 

on the in-house ITO without MeO-2PACz, contrary to previously reported claims 227. Various 

solutions were attempted, including washing the MeO-2PACz with isopropanol, ethanol and 

chlorobenzene, but none were successful. While the addition of a PVK layer allowed FAPbI3 

film formation, it negated the purpose of using a self-assembled monolayer to reduce 

absorption, interfacial and electrical losses. Eventually, polyvinylpyrrolidone (PVP), 

commonly used to improve wettability of perovskite precursors on transport layers, was 

identified as a solution. Since PVP has poor conductivity, it must be kept thin. As shown in 

Figure 6.6, with an absorber layer of approximately 100 nm thick, the highest EQE was 

achieved using the thinnest PVP layer, fabricated at a low concentration of 0.125 mg/ml, This 

resulted in an EQE spectrum comparable to devices fabricated on commercial ITO without 

PVP layer, as seen in Figure 6.4a. 
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Figure 6.7 Resonant structure incorporated FAPbI3-based perovskite photodetector. a, 

Schematic of the FAPbI3-based perovskite photodetector structure. b, Measured reflectance 

curve of resonant FAPbI3 photodetector with absorber thickness between 57 to 95 nm. b, EQE 

curve of resonant FAPbI3 photodetector (solid line) with absorber thickness of 57 nm, 70 nm, 

81 nm and 95 nm and their respective reference photodetectors (dashed line) with the same 

absorber thickness. All these devices have device configurations of ITO (70 nm)/MeO-

2PACz/perovskite/C60/BCP/Ag. Resonant structure includes underlying photonic crystal while 

is absent in the reference device. 

The improvement in wettability with the PVP layer enabled successful fabrication of device 

layers on the photonic crystal substrates. Initial optimisation of the resonant structure 

incorporating the FAPbI3 device showed a significant reflectance dip, indicating resonance 

between 543 nm to 603 nm as the FAPbI3 thickness varied between 57 nm and 95 nm, as shown 

in Figure 6.7a. This marks a promising start for resonant structure, though further optimisation 

is needed to reduce the reflectance minimum from the current 33%. As shown in Figure 6.7b, 

the EQE curve of the device with the resonant structure shows good anticorrelation with the 

reflectance curve, with narrowband EQE peaks shifting between 550 to 610 nm as the FAPbI3 

thickness changes between 57 and 95 nm. As the FAPbI3 thickness increases, the EQE 

increased slightly, ranging from 43% to 52%. From the reflectance data, the resonance is not 

yet ideal, thus no EQE enhancement was observed compared to the reference device. At 

wavelengths below 400 nm, which lie outside the photonic stopband, reflectance is low and the 

EQE reaches a maximum of 82%, similar to the reference EQE, indicating no enhancement or 

attenuation at this range. At wavelengths above 700 nm, also outside the photonic stopband, 

another peak was observed, but with no observable enhancement or attenuation compared to 
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the reference device. Due to the thin absorber layer, the reference device shows low EQE at 

longer wavelengths, resulting in an EQE of around 27%. 

 

Figure 6.8 Fine optimisation of resonant structure incorporated FAPbI3-based perovskite 

photodetector. a, Measured angle-dependent reflectance curve of resonant FAPbI3 

photodetector. b, EQE curve of resonant FAPbI3 photodetector and the respective reference 

photodetector with the same thickness and device structure. All these devices have device 

configurations of ITO (90 nm)/MeO-2PACz (<5 nm)/ FAPbI3 perovskite/C60 (40 nm)/BCP (8 

nm)/Ag (100 nm). 

Further optimisation of the resonant structure thickness led to improved resonance, with the 

reflectance minimum reaching 27% at 590 nm, as shown in Figure 6.8. As the angle increases, 

the resonance shifts to shorter wavelengths, a trend similar to that observed in Chapter 4. The 

EQE curve showed strong anticorrelation with the reflectance curve, displaying an improved 

narrowband EQE peak compared to the earlier devices in Figure 6.7, achieving 62.6% EQE at 

595 nm with a FWHM of 29.3 nm. The EQE enhancement, calculated as the ratio between the 

resonant device and the reference, reached 1.4 at 595 nm, indicating the potential of resonant 

cavity enhancement in perovskite photodetectors. However, as the reflectance dip is still not 

ideal, there is significant room for further improvement to increase the enhancement even more. 

While Chapter 4 and Chapter 5 demonstrated a strong correlation between simulations and 

experimental results, the initial optimisation of this FAPbI3 photodetector has been more 

challenging, as the refractive index of FAPbI3 was not directly measured. Instead, the refractive 

index of pure FAPbI3 from the literature was used, leading to discrepancies and imperfect 
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optimisation. Despite this, the early results show promise for continuing with iodide-based 

perovskite photodetectors. Given the photonic stopband of the available photonic crystal spans 

400 ï 700 nm, the broad absorption spectrum of FAPbI3, which extends up to 800 nm, resulted 

in an additional peak outside the photonic stopband, yielding suboptimal performance for 

narrowband photodetection applications. To address this, a wider bandgap perovskite with 

bandgap around 700 nm was chosen as it aligns more effectively with the existing photonic 

crystal.  
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6.3 Optimisation of the mixed halide perovskite photodetector 

Optimisation of the mixed halide perovskite photodetector is initially performed to develop an 

effective recipe that functions well as a photodetector. Each layer of the device, including the 

mixed halide perovskite layer, transport layers, and electrodes, is optimised to identify 

constraints related to layer thickness for later integration into the resonant structure. 

6.3.1 Mixed halide perovskite 

Compositional adjustments of lead mixed-halide perovskite can shift the bandgap between 560 

nm to 800 nm, depending on the bromide-to-iodide ratio. However, studies indicate that 

bromide-rich compositions are prone to significant perovskite degradation, forming an 

unwanted phase under bright conditions, which presents a challenge in developing high-

performance, photostable devices with bandgap in the 560 ï 660 nm orange-yellow range 228.  

Numerous studies have reported photo-induced phase segregation starting from a 20% bromide 

ratio,  with the issue worsening as the bromide ratio increases 228. To achieve a bandgap close 

to 700 nm, the iodide-to-bromide ratio should be 0.6: 0.4. At this halide ratio, a pure FA-cation 

composition is unstable; however, research has shown that the mixed cation composition 

FA0.8Cs0.2Pb(I0.6Br0.4)3 delivers both strong device performance and relatively good 

photostability, though phase segregation is not entirely eliminated  128. 

 

Figure 6.9 FA0.8Cs0.2Pb(I0.6Br0.4)3 absorptance. 

Reconstructing the reported FA0.8Cs0.2Pb(I0.6Br0.4)3 recipe is straightforward, and simple 

optimisation yield uniform perovskite films. The absorption spectrum presented in Figure 6.9, 

reveals an onset of absorption at 700 nm. Since precise thickness control is critical for resonant 

structures, the FA0.8Cs0.2Pb(I0.6Br0.4)3 recipe was optimised to produce uniform films over a 
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range of thicknesses. The film thickness and surface morphology were measured using AFM, 

as illustrated in Figure 6.10. At a thickness of 360 nm, the perovskite film exhibited a wave-

like structure due to solvent dynamics and crystallisation kinetics at high precursor 

concentration, resulting in increased surface roughness 229,230. In contrast, films thinner than 82 

nm had smooth surfaces, with average roughness below 4.4 nm, decreasing with reduced 

thickness. Since a planar resonant cavity structure is thickness-dependent, achieving a well-

defined material interface and uniform thickness across the defined area is essential. Therefore, 

FA0.8Cs0.2Pb(I0.6Br0.4)3 film with thickness below 82 nm show strong potential for forming 

high-quality optical structures. For thicker films in the range of 360 nm, further improvement 

in surface roughness may be necessary through optimisation of the spin-coating and annealing 

process or by using evaporation techniques. 

 

Figure 6.10 FA0.8Cs0.2Pb(I0.6Br0.4)3 surface roughness at thickness of (a) 44 nm, (b) 73 nm, 

(c) 82 nm and (d) 360 nm. 
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6.3.2 Transport layers and electrodes 

Optimising the transport layers and electrodes for the FA0.8Cs0.2Pb(I0.6Br0.4)3 device drew 

heavily on the experience gained from the FAPbI3 device reported earlier. In this case, MeO-

2PACz, a self-assembled monolayer is used as the hole transport layer. To address the 

wettability issue similar to the one discussed in Subsection 6.2.2, a very thin PVP layer is 

applied by spin-coating from a low-concentration solution (0.125 mg/ml) to enhance 

wettability. During the deposition of the PVP layer, the isopropanol solvent effectively washes 

away any unbounded MeO-2PACz, removing excess material that is not properly adhered to 

the ITO surface. This leads to a very thin MeO-2PACz layer, which remains undetectable under 

AFM when scanned across a razor blade scratch. 

In a p-i-n device configuration, C60 is a commonly used electron transport layer, often paired 

with BCP, which serves as a buffer layer. Both C60 and BCP can be deposited onto the 

perovskite film via thermal evaporation. The optimal thickness for C60 is typically reported to 

be between 15 and 25 nm 231. Despite an error in the evaporator tooling led to a C60 being 

thicker at 40 nm, discovered towards the end of the experiments, the device continues to 

perform adequately, so this thickness is retained. BCP requires a critical thickness of 5 to 8 nm 

to establish an ohmic contact between C60 and the metal electrode, improve stability, and 

prevent charge accumulation at the interface 232. As such, device with 8 nm of BCP shows good 

performance as shown in Figure 6.11. Above the BCP layer, a metal electrode is deposited by 

thermal evaporation. While gold is commonly used in light-harvesting devices for its efficiency 

and operational stability in devices 233, alternatives such as copper and silver offer more cost-

effective solutions while still maintaining high device performance. In this work, silver is 

chosen due to its lower absorption loss in the visible light spectrum, which is crucial for optimal 

optical resonance performance. 
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Figure 6.11 Performance comparison between commercial ITO and in-house sputtered 

ITO. 

Since in-house ITO is sputtered onto photonic crystal substrates for implementing the resonant 

structure, maintaining device performance with this in-house sputtered ITO is crucial. With the 

control over ITO electrode resistivity, thickness and roughness detailed Chapter 5, integrating 

the ITO electrode into this project is straightforward. As demonstrated in Figure 6.11, both 

devices fabricated with commercial ITO and in-house ITO exhibit high broadband EQE of 

approximately 80% across the wavelength range of 400 to 665 nm. The commercial ITO is 160 

nm thick, whereas the in-house sputtered ITO shown here is 70 nm thick. Since ITO 

transmittance is dependent on both the material and thickness, as discussed in Subsection 5.2.3, 

this difference impacts the EQE curve. Nevertheless, the results confirm that the in-house ITO 

is suitable for fabricating high-performance FA0.8Cs0.2Pb(I0.6Br0.4)3 devices.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

6.3.3 Device performance across varying perovskite thickness 

The optimised device configuration consists of ITO/ MeO-2PACz (~1 nm)/ 

FA0.8Cs0.2Pb(I0.6Br0.4)3 perovskite / C60 (40 nm)/ BCP (8 nm)/ Ag (100 nm). Using 1 M 

perovskite precursor solution, the resulting film is approximately 360 nm thick and exhibits a 

broadband response, as shown in Figure 6.12b. To achieve a thinner perovskite layer, the 

solution is diluted to 0.15 ï 0.28 M, resulting in film thicknesses ranging from 38 to 82 nm. 

Within this thickness range, the EQE curve shows a similar trend to that observed with FAPbI3. 

As the absorber thickness decreases, the EQE at longer wavelengths diminishes more rapidly 

than at shorter wavelengths. This variation is due to the wavelength-dependent absorption 

depth of the FA0.8Cs0.2Pb(I0.6Br0.4)3, which aligns with the absorption coefficient and absorption 

curve shown in Figure 6.9 234,235. Therefore, to maximise EQE, perovskite-based light 
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harvesters typically require an absorber thickness greater than 200 nm to ensure sufficient 

absorption depth. 

 

Figure 6.12 Reference perovskite photodetector with variable perovskite thickness. a, 

Schematic of reference photodetector device structure. b, Measured EQE of reference 

perovskite photodetector with perovskite thickness of 38 nm, 49 nm, 56 nm, 65 nm, 70 nm, 82 

nm and 360 nm. 

The relationship between absorber thickness and the absorption depth can be verified through 

optical simulations, which are based on the complex refractive index (n + ik) of each material, 

where the extinction coefficient k indicates the materialôs absorption. As depicted in the 

structure cross-section shown in Figure 6.13, when incident light waves enter from the glass 

side, strong absorption is observed at a short depth for a wavelength of 500 nm. As the 

wavelength increases, the absorption depth gradually increases, while the absorption per unit 

power decreases. Summing the absorption within each layer provides a comprehensive view 

of the absorption characteristics throughout the spectrum. The simulated absorption ratio aligns 

well with the experimentally measured EQE, as illustrated in Figure 6.12b. As the perovskite 

thickness increases from 38 nm to 82 nm, the absorption ratio in the 600 ï 700 nm wavelength 

range also increases, indicating that more light is absorbed in accordance with the absorption 

depth. 
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Figure 6.13 Simulated reference perovskite photodetector with perovskite thickness of (a-b) 

38 nm, (c-d) 49 nm, (e-f) 56 nm, (g-h) 65 nm, (i-j) 70 nm, (k-l) 82 nm and (m-n) 360 nm. 

With a 360 nm thick perovskite absorber, the thickness is sufficient to match the absorption 

depth across a broad spectrum, resulting in an absorption ratio of approximately 80% within 

the perovskite layer for wavelengths in the 600 ï 700 nm range. The interference fringes seen 

in the absorption map were examined by adjusting optical parameters in the simulation and 

were found to be attributable to the optical properties of the device stack. 
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6.4 Investigating the resonant structure through simulations 

Building on the insights gained from identifying the device limitations, we now shift our focus 

to refining the resonant structure through a series of simulations. Although the current photonic 

crystal multilayer is fixed, simulating the resonant structure allows for systematically 

exploration of various parameters that influence the performance of the resonant cavity-

enhanced perovskite narrowband photodetector. Unlike previous optimisations using the 

literature-based refractive index data for testing the FAPbI3 device, the actual refractive index 

of the FA0.8Cs0.2Pb(I0.6Br0.4)3 film, fittings performed by Guadalupe Vega from angle-

dependent transmittance and reflectance UV-vis measurements, is now employed. 

Through carefully testing and adjusting these parameters, we aim to determine the most 

effective configuration for balancing photocurrent intensity, selectivity, and spectral response. 

This includes a comprehensive analysis of photonic crystal bilayers, cavity modes, and the 

device's performance across various wavelengths, ultimately guiding us to the optimal resonant 

structure. The study also explores whether the available photonic crystal suffices or if a 

customised photonic crystal should be acquired for this project. 

6.4.1 Manipulating the number of photonic crystal bilayers 

As the number of photonic crystal bilayers increases, the reflectance within the photonic 

stopband increases. For example, with a large number of bilayers, such as 10, the reflectance 

approaches nearly 100%, greatly suppressing off-resonance signals. This substantial number 

of bilayers, combined with an optimised resonant cavity, can generate strong, sharp resonance, 

leading to highly enhanced and narrowly selective photodetection. However, increasing the 

bilayers count also complicates fabrication and raises costs, as maintaining precise control over 

material interfaces and layer uniformity becomes more challenging. Additionally, precise 

thickness control is essential, as any deviations in thickness, material interfaces, or layer 

uniformity can adversely affect the resonant structureôs performance. 
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Figure 6.14 Resonant cavity perovskite photodetector across photonic crystal bilayers of 

(a,d) N = 1, (b,e) N = 2, (c,f) N = 3, (g,j) N = 4, (h,k) N = 5 and (i,l) N = 6. 
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As shown in Figure 6.14, increasing the number of photonic crystal bilayers in the resonant 

structure significantly enhances the resonance characteristics, resulting in a stronger and more 

pronounced narrowband response. By keeping the structures consistent for comparison, it 

appears that with five or six bilayers, the resonance sharpens at a slightly lower wavelength, 

and a secondary absorption peak forms at longer wavelengths, outside the photonic stopband. 

This effect can be easily corrected by fine-tuning the layer thicknesses. Simulations show that 

five or six bilayers produce an exceptionally narrow spectral response, ideal for highly selective 

applications. However, it is also observed that a simplified structure with just three bilayers 

still achieves substantial absorption in the perovskite layer, effectively demonstrating the 

deviceôs core functionality.  

These simulations highlight the flexibility of the resonant structure, particularly its tunability. 

Adjusting the number of photonic crystal bilayers allows for precise control over the device's 

spectral response. For applications requiring an ultra-narrow spectral bandwidth, adding more 

bilayers can sharpen the resonance, offering a high degree of customisation. Conversely, for 

applications where a broader spectral range is acceptable, reducing the number of bilayers 

simplifies the fabrication process and lowers cost. The results emphasize the potential for 

optimising performance based on specific application needs. In the experimental 

implementation, we aim to identify an optimal balance that achieves effective resonance while 

maintaining the simplest possible structure. Ultimately, while six bilayers yield a narrower 

response, three bilayers are sufficient to achieve intense absorption within the perovskite layer, 

making it a strong proof-of-concept. 

6.4.2 Altering the number of cavity modes 

The resonant cavity length can be simplified as an integer multiple of half wavelengths, with 

the integer representing the cavity modes. The number of cavity modes in a microcavity is thus 

directly related to the cavity thickness. As illustrated in Figure 6.15, as the thickness of the 

perovskite layer, which contributes to the cavity length, increases, the absorption oscillates 

periodically. Peaks in absorption occur where the cavity length supports standing waves, with 

each peak corresponding to a specific cavity mode. 
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Figure 6.15 Simulation of cavity modes across perovskite thickness ranging from 0 ï 500 

nm. 

Figure 6.16 presents the absorption map and the absorption ratio corresponding to each cavity 

mode. When the cavity supports a single mode, absorption is notably strong. However, as the 

number of cavity modes increases, the resonance strength gradually decreases, leading to a 

reduced absorption ratio even with increasing thickness of highly absorbing perovskite layers. 

This performance drop can be attributed to mode coupling or overlap in multi-mode cavities, 

which blurs the spectral response and lowers the photodetectorôs selectivity. This contrasts with 

reference photodetectors, where thicker perovskite layers boost absorption at longer 

wavelengths. The advantage of resonant structures is that thinner absorbers can achieve high 

absorption. By reducing the absorber thickness, the charge diffusion time is shortened, 

enhancing the photodetectorôs response speed. In resonant structures, this enables the 

simultaneous optimisation of both absorption efficiency and device response speed, which are 

often in a trade-off in conventional photodetectors. 
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Figure 6.16 Resonant cavity perovskite photodetector across cavity modes (a,b) M = 1, (c-

d) M = 2, (e-f) M = 3, and (g-h) M = 4. 

The selection of cavity modes is vital for the effective integration of resonant structures with 

other optical components, like filters or waveguides, commonly used in more intricate 

photodetector systems. Further investigation into these interactions could lead to the 

development of tunable photodetectors, enabling real-time adjustments to the device's spectral 

response through dynamic changes in cavity thickness. As for the initial experimental 

realisation of the resonant cavity perovskite photodetector, cavity mode M = 1 emerges as the 

optimal choice for achieving a strong absorption ratio. 
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6.4.3 Flexibility across the spectrum 

The versatility of the resonant cavity structure for photodetectors across the visible spectrum 

was also validated, demonstrating its adaptability to different wavelength ranges. Various 

perovskite compositions with different bandgaps were tested to evaluate their performance. As 

detailed in Subsection 6.2.1, C60 is incompatible with large bandgap lead bromide-based 

perovskites due to conflicting absorption bandgaps. Consequently, C60 was excluded from the 

blue and green example structures in this proof-of-concept simulation. The experimental 

realization of the blue and green photodetectors will require alternative device configurations, 

which can then be integrated into the current simulation. 

As shown in Figure 6.17, Figure 6.18 and Figure 6.19, the reference absorption ratios are 

broadband, reflecting the broad absorption curve of perovskite. With the addition of a minimal 

number of photonic crystal bilayers, specifically between 2 to 3.5, the resonant structure 

effectively enhances the resonance absorption ratio while significantly reducing off-resonance 

signals. In all three cases, the narrowband perovskite absorption ratios align well with 

experimental EQE values exceeding 60%, surpassing the performance of narrowband 

photodetectors reported in the literature, as detailed in the following Section 6.6. 

 

Figure 6.17 Structure for blue narrowband photodetection. (a-c) Simulation of reference 

photodetector. (d-f) Simulation of resonant cavity photodetector. 
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Figure 6.18 Structure for green narrowband photodetection. (a-c) Simulation of reference 

photodetector. (d-f) Simulation of resonant cavity photodetector. 

 

Figure 6.19 Structure for near-infrared narrowband photodetection. (a-c) Simulation of 

reference photodetector. (d-f) Simulation of resonant cavity photodetector. 
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Furthermore, given the broadband absorption properties of perovskite materials, there is 

potential to extend the narrowband detection wavelength range beyond the intrinsic bandgap, 

possibly down to 350 nm. However, simulations indicated that resonance enhancement at 

wavelengths significantly below the bandgap is less effective. This is likely due to the high 

absorption coefficient of perovskites at these lower wavelengths, which diminishes the 

resonance effect. Resonance enhancement is most effective near the perovskite's bandgap, 

where the absorption coefficient is lower, and resonance tuning is more robust. Nevertheless, 

the narrowband wavelength enhancement and tunability still cover a reasonably wide range, 

outperforming other methods that depend heavily on compositional variations of perovskite. 

Further details will be discussed in the following Section 6.5. 

Simulation results demonstrate strong compatibility of the available photonic crystal with three 

bilayers for the FA0.8Cs0.2Pb(I0.6Br0.4)3 device, confirming the strongest resonance at cavity 

mode M = 1, corresponding to a perovskite thickness of 82 nm, which exhibits good surface 

roughness in experimental optimisation. Additionally, simulations of blue, green, and near-

infrared perovskites highlight the designôs robustness across a broad spectrum, enhancing its 

potential for real-world applications. 
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6.5 Experimentally realising the resonant cavity-enhanced 

narrowband perovskite photodetector 

In this section, the resonant cavity-enhanced narrowband perovskite photodetector is 

experimentally fabricated, aligning with the optimised simulation structure. Subsequently, the 

performance of the narrowband perovskite photodetector is thoroughly investigated, including 

parameters such as EQE, responsivity, detectivity, noise equivalent power, current-voltage 

characteristics, time response, frequency bandwidth, noise current, linear dynamic range, and 

photocurrent stability. 

6.5.1 The resonant perovskite photodetector structure 

The experimental realisation of the designed resonant cavity perovskite photodetector is 

displayed in Figure 6.20. Cross-sectional HAADF-STEM analysis reveals the structure, which 

consists of three bilayers of SiO2 (96 nm) and TiO2 (56 nm), along with layers of ITO (90 nm), 

MeO-2PACz (~1 nm), perovskite (82 nm), C60 (40 nm), BCP (8 nm) and Ag (100 nm). Due to 

the similar atomic compositions and density of the organic components, the thicknesses of the 

C60 and BCP layers were confirmed through AFM measurements. The HAADF-STEM results 

confirm the high uniformity of the e-beam deposited SiO2/TiO2 photonic crystal and sputtered 

ITO layers, both of which contribute to the deviceôs excellent optical quality. These uniform 

photonic crystal and ITO layers enable the high-quality growth of the perovskite film, similar 

to its typical growth on ITO-coated glass substrates, leading to a high-performing device, as 

will be discussed later. The perovskite layer itself is also uniform and smooth, as confirmed by 

AFM, which measured an average roughness of 4.44 nm (Figure 6.10). Elemental mapping 

via EDX further confirms well-defined material interfaces, with a pinhole-free perovskite layer 

that is critical for the photodetectorôs functionality. This analysis shows that the photodetector, 

fabricated on the underlying photonic crystal multilayers, maintains uniformly high-quality 

layers with no adverse effects on performance. 
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Figure 6.20 Resonant cavity enhanced perovskite photodetector structure. a, Schematic of 

the resonant cavity photodetector. b, cross-sectional HAADF-STEM image (left) and EDX 

chemical map (right) of the resonant cavity photodetector. c, Simulated ratio of integrated 

absorption within layers of the structure and the resulting reflection from the whole device 

stack. Absorption within TiO2, SiO2, C60, BCP and Ag are shown in Supplementary Fig. 8. d, 

Simulated absorption across the cross-section of device stack across the spectrum wavelength. 

e, Absorption ratio in other layers including TiO2, SiO2, C60, BCP and Ag. Absorption of TiO2 

and SiO2 are negligible. 

Simulations of the resonant cavity perovskite photodetector, depicted in Figure 6.20, closely 

match the experimental cross-sectional images and demonstrate spectrally maximised effective 

absorption at a resonance centred at 635 nm, which falls within the typical wavelength range 

for standard pure red in commercial LEDs 236. The narrowband absorption has a FWHM of 40 

nm, with 80.6% of light absorbed by the 82-nm thick perovskite layer. At the same time, 

parasitic absorption and reflection at 635 nm are minimised compared to the reference structure, 

which is key to optimising the EQE values in the narrowband photodetector. In contrast, the 

reference photodetector, also featuring an 82-nm thick perovskite layer but lacking a photonic 

crystal, exhibits a broadband absorption profile, with only 38.9% light absorption at 635 nm 

(see Figure 6.13). The simulations indicate that light absorption in the perovskite layer is 
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enhanced by a factor of 2.07 when comparing the resonant cavity design to the reference 

photodetector. Based on our calculations, the resonant cavity design requires only an 82-nm 

thick perovskite absorber to achieve 80.6% light absorption at 635 nm, while a reference 

photodetector without the cavity would need over 240 nm. Thus, our design not only narrows 

the spectral response but also significantly reduces the thickness of the active perovskite layer, 

which will contribute to more efficient charge extraction, as discussed later. 

6.5.2 Narrowband perovskite photodetection 

As shown in Figure 6.21a, the reflectance curve of the resonant cavity perovskite photodetector 

with an 82-nm thick perovskite layer exhibits a sharp resonance with a FWHM of 38 nm and 

a minimum reflectance of 4.7% at 632 nm, allowing for high selectivity at this wavelength. 

The reflectance curve is strongly anticorrelated with the EQE curve, as shown in Figure 6.21b, 

achieving a peak EQE of 79.8% at 632 nm, also with a narrowband FWHM of 38 nm. The 

device operates in a self-powered at 0 V bias unless otherwise noted. For comparison, we 

evaluated the reference photodetector without photonic crystal (see Figure 6.12), which also 

has an 82-nm thick perovskite absorber. The reference device displays a broadband EQE curve 

ranging from 310 nm to 690 nm, reaching 32.8% at 632 nm. As shown in Figure 6.21c, the 

EQE enhancement, calculated as the ratio of the EQE of the resonant cavity to that of the 

reference photodetector, demonstrates a 2.4-fold enhancement at 632 nm, closely matching 

with the simulation results. The high reflectance of 84.5% at off-resonance wavelengths 

indicates strong filtering, resulting in low EQE signals outside the resonance peak. The EQE 

enhancement at off-resonance wavelengths is nearly zero, confirming strong narrowband 

selectivity by the resonant cavity, which is essential for minimising artifacts in practical 

applications.  
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Figure 6.21 Spectral response of resonant cavity perovskite photodetector. a, Measured 

reflectance and b, EQE of resonant cavity photodetectors with varying perovskite thickness 

from 38 nm to 82 nm as labelled in the graph. c, EQE enhancement defined as the ratio of 

EQE of cavity photodetector to that of the reference photodetector with the same perovskite 

thickness. Dashed blue line illustrates the measured reflectance of photonic crystal stack. d, 

Simulation depicting the shifting of cavity resonance with varying the perovskite thickness. 

Experimental EQE peak values are displayed in blue crosses. 

As shown in Figure 6.22, a second photodetection peak at 400 nm is observed, which lies 

outside the photonic crystal stopband. The EQE enhancement, calculated by dividing the EQE 

of resonant cavity-enhanced photodetectors by that of the reference with the same perovskite 

thickness, shows neither enhancement nor attenuation at 400 nm for all perovskite thicknesses. 

In contrast, within the photonic stopband, except at the resonance wavelength, the EQE is 

notably attenuated. This suggests that the appearance of the second photodetection peak at 400 

nm is dependent on the photonic stopband. While the experimental results in this work 

demonstrate the 400 nm peak due to the photonic crystal, simulations in Figure 6.23 indicate 

that a revised photonic crystal design could eliminate this peak. The fitting of the revised 

photonic crystal design was carried out by Guadalupe Vega. 
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Figure 6.22 Full photodetection spectra of narrowband resonant cavity perovskite 

photodetectors.  a, Measured reflectance and b, EQE of resonant cavity photodetectors with 

increasing perovskite thickness (perovskite thicknesses are labelled in the graph). c, EQE 

enhancement calculated from the EQE of resonant cavity enhanced photodetectors divided by 

the reference of respective perovskite thickness. The right vertical axis in blue shows the 

photonic crystal reflectance. 

 

Figure 6.23 Simulated resonant cavity perovskite photodetector with advanced photonic 

crystal to remove 400 nm peak. The advanced photonic crystal consists of 5 non-periodic 

bilayers. a, Simulated reflectance from 0Á to 30Á. Dashed line represents measured 

reflectance from Supporting Fig. 9a with 82 nm thick perovskite. b, Simulated absorption 

across the cross-section of device stack across the spectrum wavelength. c, Simulated 

integrated absorption within the layers of the structure and the resulting reflection from the 

device stack. 
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