
 
 

OPTICAL AND TEMPORAL CARRIER DYNAMICS INVESTIGATIONS OF III-

NITRIDES FOR SEMICONDUCTOR LIGHTING 

 

Dissertation by 

Idris A. Ajia 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements 

For the Degree of 

Doctor of Philosophy 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

April, 2018 

 

 



2 
 

EXAMINATION COMMITTEE PAGE 

 

The dissertation of Idris Ajia is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Prof. Iman Roqan 

Committee Members: Prof. Enzo Di Fabrizio, Prof. Xiaohang Li and Prof. Katharina 

Lorenz 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2018  

Idris Ajia 

All Rights Reserved 

  



4 
 

DEDICATION 

I dedicate this work to my family for everything. These were the people that were 

most tolerant of me, most patient with me, most understanding of me, my first loves, my 

everything! Starting with my parents, Olalekan Ajia and Risquat Ajia, who endured many 

hardships, made incredible sacrifices, prayers, fasts, did, and continue to do all within 

their capacity to see all their kids, and the kids of many others succeed. I could never 

repay them for their love, sacrifices, support and encouragement, but I can follow in their 

footsteps by living a life of sacrifice for others. To my exemplary elder brother, Oladimeji 

Ajia, a great and very knowledgeable conversationalist who even wittingly contributed to 

my research by introducing me to a company that eventually supplied my research group 

with high-quality substrates. To my kind-hearted and wise sister, Zainab Akinwande, who 

has at various times, assumed the role of a mother figure to me, and enriched me with 

her nuggets of wisdom. To her husband, Dr. Idris Akinwande for his support and 

hospitality, and their two lovely daughters, Zulfah and Iqra Akinwande for their love, great 

company, brilliant senses of humor and general cuddliness. To my other sister, Hafsat 

Ajia-Egbeyemi, who I admire greatly, and look up to, that is, whenever we aren’t debating 

the importance of seniority by 383 days. To her husband, Mr. Kola Egbeyemi for being an 

enjoyable company, and finally, their newborn twin daughters, Salmah and Saffiyah for 

filling me with joy as I embarked on the difficult task of writing my thesis. 

  



5 
 

ACKNOWLEDGEMENTS 

“Ọpẹ ́olóore, àdáàdátán ni” is a Yoruba adage meaning “gratitude to one's benefactors 

must know no end”. 

Before drafting this acknowledgement, I thought about the people to whom I feel 

genuine gratitude for seeing me through this most difficult and enriching experience of a 

lifetime, and it immediately became clear to me that I would have to sacrifice the 

conventional appeal of brevity on the altar of comprehensiveness. Unusually long though 

it may be, this piece will never be able to do complete justice to the extent of my gratitude 

to all the following individuals. 

First and foremost, my gratitude must go to the person who is singlehandedly 

responsible for cultivating my interest in III-nitrides, Prof. Iman Roqan. None of what I 

accomplished would have been possible without the trust she reposed in my ability. Even 

when the going was tough, her belief in me remained steadfast; and there were times 

when that was all the morale booster I needed to spring back into self-belief. She was also 

always available to discuss the interpretations of my experimental results, drawing from 

her expertise and rich repository of experience. For your unquestioning dedication to my 

success, I will remain indebted to you. 

I would also like to thank Prof. Katharina Lorenz, Prof. Enzo Di Fabrizio and Prof. 

Xiaohang Li, all of whom, without hesitation, agreed to serve on my PhD defense 

committee despite their busy schedules. I have had the great fortune of being influenced 



6 
 

by each of them directly or otherwise and I could not have asked for a more exemplary 

caliber of scholars to assess my work. 

During my PhD, there were those who made the semiconductor and material 

spectroscopy (SMS) lab a congenial place of work. I would like to thank them individually 

for their contributions to my work. 

I thank Mufasila Muhammed for generously availing me of her nimble 

experimental skills, without hesitation, whenever the need arose; Norah Alwadai and 

Dhaifallah Almalawi, both, for being great team players, sometimes even sacrificing their 

time and/or lab-bookings for me when those impromptu emergency experiments came 

knocking; Dr. Bin Xin and Dr. Naresh Alaal, both of whom usually found time to inquire 

about my writing progress and encouraged me through this most tasking phase; Dr. 

Somak Mitra whose ability to repurpose simple experimental setups to achieve previously 

unimagined results made the lab an exhilarating place to work; Dr. Yusin Pak for his 

immeasurable contributions to the productivity of our lab. His involvement in almost 

everybody’s projects within a short period of his arrival is testament to his genius and 

incredible skillset. I must also thank Yassmine Ahmed for her noticeable presence in the 

lab. I can only attribute the efficient execution of our lab activities to Yassmine’s fantastic 

sense of organization. It was the only thing that stood between our lab and the intractable 

force of entropy. 

I would also like to thank former members of the group, including Dr. Tahani 

Felemban for being such a kind and warm-hearted colleague who I often depended on 



7 
 

for advice and emotional maturity; Dr. Vasily Melnikov and Dr. Venkatesh Singaravelu, 

who taught me much of what I know about the day-to-day maintenance and operation of 

the back-end lab equipment; Dr. Assa Aravindh S. Devi for all the stimulating 

conversations we had about literature, prose and poetry, and her daughter, Chinmayi, 

who periodically decorated my work space with her flamboyant works of art, in the 

process, making my desk a lot livelier than most.  

For many of my experiments, I heavily depended on some of the central facilities 

in the KAUST Core labs. For this, I thank the entirety of the Core labs team, but I would 

like to single out a few individuals who went above and beyond the call of duty in 

rendering their assistance in my times of need. They include Dr. Kun Li, Dr. Rachid Sougrat, 

Dr. Elhadj Marwane Diallo, Dr. Dalaver Anjum, Mr. Meshal Abdulkareem, Dr. Nimer 

Wehbe, Mr. Muhammed Popalzai, Dr. Nini Wei, Mr. Nicolas Lemee, Dr. Manuel Roldan, 

Dr. Yaping Zhang, Dr. Sergei Lopatin, Dr. Long Chen, Mr. Ulrich Buttner, Mr. Tayyab 

Ahmed, Mr. Noli Arellano, Dr. Miaoxiang Chen and Dr. Ronan Carolan. 

I would like to thank Professor Boon Ooi, who, apart from making his Photonics 

lab accessible, always made sure to enliven the whole 3rd floor of Ibn Sina building with 

his ebullient character. Also, there were members of the same lab who were particularly 

helpful, either through collaborative research or by assisting me with experimental 

instruments. These include Dr. TienKhee Ng, Dr. Rami Afandy, Dr. Chao Zhao, Dr. Chao 

Shen, Dr. Pawan Mishra and Mr. Nasir Alfaraj. 



8 
 

I would also like to thank past and present administrative staff of the Material 

Science and Engineering (MSE) department. It speaks to their integrity that we always 

noticed their absence more than we did, their presence. I am especially grateful to Foteini 

Pratsoli, Ekaete Ntui, Maryam Mohammed and Mazen Mero. 

I thank also, the professors in the MSE department who taught me the courses 

that were useful for my research, especially Prof. Aurelien Manchon who exposed me to 

a very powerful tool with which to understand my work, and by implication, broadened 

my perspective with his deft delivery of quantum mechanics. 

I thank my many internal and external collaborators who contributed immensely 

to many of my works. I however wish to single out Dr. Paul Edwards, Dr. Robert Martin, 

Dr. Zhiqiang Liu and Dr. Jianchang Yan for the many email exchanges we had, providing 

invaluable feedback regarding many of my experiments. 

Just as there were those who contributed immensely to my academic wellbeing, 

there were also those who infused my extracurricular engagements with companionship, 

fun, excitement, passion and debates. 

I would like to start with the Dehwah family because they were in every sense, my 

Saudi family away from home. Especially Ahmad and Abdullah who were both fantastic 

companions throughout my stay in KAUST. Next, I would like to remember Temille Porter 

of blessed memory, who, till her passing day, never failed to infect all those she 

encountered with her contagious goodness. There is no satisfactory way to express my 



9 
 

thanks to Temille for all that she did for the KAUST African community, so I shall just take 

comfort in knowing that her legacy lingers in the hearts of the many that she touched. 

I thank Dr. Sarah Almahdali for the proof reading assistance she rendered. She 

sacrificed her weekend for my dissertation and provided many useful suggestions that 

only improved the quality of my dissertation. 

I thank Dr. Omotayo Salawu and his lovely wife, Damilola. They were my Nigerian 

family during their stay in KAUST. They unfailingly made sure my ‘stomach infrastructure’ 

was well-maintained with great Nigerian delicacies every single Ramadhan. 

Now, there were those with whom I shared many enriching moments either as 

great friends, great coaches or through our involvements in several memorable activities 

such as potlucks and BBQs, as well as participations in KAUST groups that included the 

KAUST theatre troupe, community chorus, African community, Improvisation theatre, 

KAUST djembe group (the Djemborees), Guanners, Graduate Association of Musicians 

(GAM), open mic poetry and graduate students council. Within this group, I would like to 

single out a few names for gratitude, including: Mohammed Al Farhan, Konpal Ali, 

Mustafa Osama, Mohammed AlSherif, Ikram Boukhedimi, Huda Ibeid, Shahrazed 

Elmetennani, Rana Alrabeh, Tammy Binyard, Papa Birame, Rayan Naser, Obodo Joshua 

Tobechukwu, Hanan Mahmood, Hassan Al Ismail, Muhammed Sameed, Noura Ibrahim, 

Ala’a Ragab, Rishabh Dutta, Rasha Abdulhalim, Lina Abdulhalim, Daniel Binham, Fadl 

Abdellatif, Salma Alrasheed, Israa Alrowais, Maha Alattas, Robert Werfelmann, Amber 

Siddiqui, Hatoon Baazim, Basmah Altaf, May Alqurashi, David Keyes, Wendy Keyes, Elisa 



10 
 

Guagliardo, Adamu Alfazazi, Vijai Shankar, Sherif Tella, Alexis De Berry, Kuldeep Singh, 

Ohoud Alharbi, Levina Adhiambo, Victor Otoadese, Olawole Kuti, Funmilola Kuti, 

Misjudeen Raji, Lakshmi Selvakumaran, Nada Abdullah, Wiebke Wackerow, Matthijs Van 

Waveren, Mohammed Hassan Elewa Mohammed, Liam Mencel, Hafidha Elabdalaoui, 

Paloma Albornoz, Rkia Laamarti, Alexandra Camba, Enjey Ghazzawi, Claudia Abril, Arlene 

Dowling, Julian Moreno, Jorge Lerma, Fabio Ravanelli, Abeer Alsaggaf, Abdulrahman 

Aljedaani, Virginia Unkerfer, Alejandra Ortega, Marcelle Muniz Barreto, Lucia Pombo, 

Veronica Chaidez, Mezo, Stephen Brannon, Huma Sanawar, Uchenna Akujuobi, Elham 

Khourbour, Shamsudeed Adebayo, Simi Wilson, Makha Diop and Ali Diop 

I also want to thank those whose influences on me predate my KAUST years: Mr. 

Oladipo Akinpelu, my high school Physics and Further Maths teacher whose knowledge 

and engaging delivery got me hooked to the subjects; and Mr. Gopal, my Further Maths 

teacher in foundation year, who invested 101% in his students. There were times he 

organized free weekend lessons and would even pick me up from home. 

Finally, I would like to thank KAUST, all the management staff, the janitors, 

restaurants and diner chefs, community organizers, maintenance staff, campus support, 

the talented community members who eagerly and freely shared their talents during 

social events, the waste management team, the security personnel who kept us safe, the 

recreation staff, the transportation staff, housekeeping staff, the light-hearted members 

of KAUST community Facebook pages who never fail to entertain diligent observers such 

as myself, and generally, all those who made non-work hours on campus so delightful.  



11 
 

ABSTRACT 

Optical and Temporal Carrier Dynamics Investigation of III-Nitrides for 

Semiconductor Lighting 

Idris Ajia 

III-nitride semiconductors suffer significant efficiency limitations; ‘efficiency’ being an 

umbrella term that covers an extensive list of challenges that must be overcome if they 

are to fulfil their vast potential. To this end, it is imperative to understand the underlying 

phenomena behind such limitations. In this dissertation, I combine powerful optical and 

structural characterization techniques to investigate the effect of different defects on the 

carrier dynamics in III-nitride materials for light emitting devices. The results presented 

herein will enhance the current understanding of the carrier mechanisms in such devices, 

which will lead to device efficiency improvements. 

In the first part of this dissertation, the effects of some important types of crystal 

defects present in III-nitride structures are investigated. Here, two types of defects are 

studied in two different III-nitride-based light emitting structures. The first defects of 

interest are V-pit defects in InGaN/GaN multiple quantum well (MQW) blue LEDs, where 

their contribution to the high-efficiency of such LEDs is discussed. In addition, the effect 

of these defects on the efficiency droop phenomenon in these LEDs is elucidated. 

Secondly, the optical effects of grain boundary defects in AlN-rich AlGaN/AlGaN MQWs is 

studied. In this study, it is shown that grain boundary defects may result in abnormal 

carrier localization behavior in these deep ultraviolet (UV) structures. While both defects 

are treated individually, it is evident from these studies that threading dislocation (TD) 
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defects are an underlying contributor to the more undesirable outcomes of the said 

defects. In the second part, the dissertation reports on the carrier dynamics of III-nitride 

LED structures grown on emerging substrates—as possible efficiency enhancing 

techniques—aimed at mitigating the effects of TD defects. Thus, the carrier dynamics of 

GaN/AlGaN UV MQWs grown, for the first time, on (2̅01) – oriented β-Ga2O3 is studied. 

It is shown to be a candidate substrate for highly efficient vertical UV devices. Finally, 

results from the carrier dynamics investigation of an AlGaN/AlGaN MQW LED structure 

homoepitaxially grown on AlN substrate are discussed, where it is shown that its high-

efficiency is sustained at high temperatures through the thermal redistribution of carriers 

to highly efficient recombination sites. 
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Chapter 1. Introduction 

In this chapter, the motivation behind the study of III-Nitrides is briefly discussed. Here, 

its importance in the economy of energy is highlighted, after which the interesting history 

of this system of materials is discussed. Finally, the objective and contents of this 

dissertation is revealed. 

More than any other time in history, human endeavor is now acutely fixated on 

better energy management. At the pinnacle of this endeavor is our justifiable 

preoccupation with finding alternative, reliable, renewable and cheap sources of energy 

to replace our current overdependence on fossil fuels, which are known to be relentless 

adversaries of a sustainable earth,1, 2 and are quickly depleting anyway.3 The efforts made 

towards this goal are beginning to pay off, as the costs of renewable energy sources have 

started to gain a competitive edge over their destructive competition.4, 5 However, this is 

just half the story. In order to maximize our energy management potential, it just as 

important to complement migration to renewable energy with highly energy-efficient 

devices. 

 Lighting especially, is of interest because it accounts for around 20% of global 

electricity consumption.6, 7 This is mainly due to its ubiquity in our day to day lives, be it 

in traditional applications such as signaling, illumination and germicidal irradiation; to 

more modern uses such as telecommunications, electronics, entertainment devices and 

biomedical research and treatments. There are roughly four categories of electric light 

sources in the market today, including incandescent, fluorescent, high intensity discharge 
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(HID) lamps and semiconductor light emitting diodes (LEDs). Of these, LEDs are presently 

the most efficient and mechanically durable (see Table 1.1). Although efficient lighting – 

using LEDs – has made remarkable inroads in many of the more recent lighting 

applications, there is still plenty of grounds to cover in the traditional lighting industry.7 

For instance, the 2016 estimate for global LED penetration in the digital device 

backlighting market is nearly 100%, compared to 36% in the general illumination market 

and a meagre 6% in the automotive industry (Figure 1.1). Compared to other lighting 

sources, largescale penetration of LED technology can lead to significant savings in the 

global energy budget. As an example, the U.S. Department of Energy projects that 40% of 

lighting energy consumption will be eliminated by replacing other lighting technologies 

with LEDs by 2030.8 Clearly, given that all current projections are based on state-of-the-

art technologies, even larger savings could be made as the technology continues to 

mature. 

Properties Incandescent 

 

Fluorescent 

 

HID 

 

LED Light 

 

Lifetime (hrs) 1,000 10,000 20,000 100,000 

Efficiency 
(100%=680lm/W) 

2.2% 15% 15% 44% 

Luminous efficacy lm/W 16 9 100 9 ~100 10 > 300 11 

Mechanical durability Glass and moving 
parts 

Glass tube Glass and 
moving parts 

Extremely 
sturdy 

Table 1.1: Electric light source comparison9-11 
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Figure 1.1: Global market share of LED compared with other light sources in some industrial applications 
(Based on McKinsey data7). 

Presently, III-nitride semiconductors, including InN, GaN, AlN and their ternary and 

quaternary variants, owing to their large bandgap tunability range (0.7 – 6.1 eV), 

mechanical durability and chemical stability, have a competitive edge over any other 

semiconductor LED material configuration. They have thus become the ‘go-to’ choice for 

a panoply of lighting-related applications, including general illumination, laser diodes 

(LDs) and germicidal irradiation. This ordinarily makes III-nitrides an interesting group of 

materials to study, from an applications point of view. However, they also exhibit many 

unusual optical and electronic characteristics due to their hexagonal lattice structure, 

which, in addition to their wide-ranging applications, make them an ideal source of 

inquiry into the diverse and often poorly understood nature of such semiconductor 

materials. In this work, emergent phenomena from their unique properties are studied 

and discussed by characterizing light emitting structures based on III-nitrides. But before 

elaborating further on the objectives of this dissertation, a brief discussion about the 

history of this remarkable group of materials is warranted. 
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1.1. History 

Although, some of the very first attempts at creating III-nitride alloys were carried 

out in the early 1900’s,12 it was not until the late 1960s that research into III-nitrides 

started in earnest. Dr. J. Tietjen and co-workers13 had envisioned a futuristic flat panel 

display that could be hung on walls just like a picture, but with the perks of a television. 

Thus his team initiated GaN (3.4 eV) growth, for its direct and wide bandgap, as a 

candidate for the missing blue LED link from the RGB trio necessary for color displays, 

with red (GaAsP) and green (GaP:N) LEDs having previously been demonstrated.14 Despite 

some initial successes, including the demonstrations of the first single crystalline GaN 

grown by HVPE and the first electrically driven metal-insulator-semiconductor (MIS) blue 

light emitting diode based on Zn doped GaN,15-17 the prohibitively high carrier 

concentrations (1019 cm-3) meant it was just not plausible to achieve p-type GaN.18 This 

was, in part, due to the unoptimized growth technique, as well as the considerable 

mismatch between GaN and sapphire, which was the preferred substrate. This difficulty 

eventually forced Dr. Tietjen’s group to phase out the GaN project. 

It was not until the 1980s, that a ferocious wave of advancements in growth 

techniques allowed Yoshida and co-workers,19 using molecular beam epitaxy (MBE), to 

conceptualize a clever workaround solution to tackle the deleterious effects of the huge 

substrate-GaN mismatch by proposing an AlN buffer layer on sapphire substrate. In 1985, 

Amano and his co-workers20 leveraged this workaround, along with the acclaimed 

superiority of metalorganic vapor phase epitaxy (MOVPE) – also metalorganic chemical 
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vapor deposition (MOCVD) – for GaN growth,21 to vastly improve the crystalline quality 

of GaN films grown on sapphire substrate. However, it took the ingenuity of Nakamura to 

introduce a flurry of practical improvements to the respective layers of the LED. This 

commenced from his improvement of MOCVD chamber from the hitherto single flow 

system to a two flow (TF-MOCVD) system that consists of the reactant gases parallel to 

the substrate’s surface and an inert gas flow perpendicular to the surface of the substrate; 

to change the direction of the reactant gas (Figure 1.2). This effort resulted in the highest 

crystal quality of GaN on sapphire with the highest mobility values recorded at the time.22 

As a result, Nakamura was able to replace the AlN buffer layer with low temperature GaN 

(LT-GaN) buffer layer,23 as well as achieve high-quality p-type GaN through a relatively 

easy process of post-thermal annealing using N2 as the ambient gas.24 This method was 

opposed to the more complex low energy electron beam irradiation (LEEBI) treatment 

previously adopted by Amano et al.,25 but it achieved the same goal. 

The demonstration of the first highly efficient blue GaN-based LED in 1992, by 

Nakamura et al.26 was the pinnacle of all these respective advancements, for which 

himself, Hiroshi Amano and Isamu Akasaki were awarded the Nobel prize in physics in 

2014. Thus, the legendary elusiveness of this highly efficient blue GaN-based material was 

finally put to rest. 
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Figure 1.2: Two flow MOCVD chamber as prepared by Nakamura. 

For all the advancements that have been established, the research arena of III-

nitrides presently remains abuzz with activity. One of the reasons this has been the case 

is that, prior to the demonstration of bright blue LEDs in the early 1990’s, conventional 

wisdom suggested that GaN-based LEDs were dead on arrival. With the gift of hindsight, 

we can now say this presupposition begged the question. Nonetheless, it was certainly 

compelling enough to be mainstream at the time, and the reason for this is not farfetched. 

The thorough mismatch between GaN-based materials and the most desirable sapphire 

substrate – desirable for its optical transparency and mechanical durability – meant that 

GaN-based materials could not be grown without a prohibitively high density of 

dislocation defects (>108 cm-2).27 As is evident in Figure 1.3, dislocation densities in excess 

of 107 cm-2 inexorably led to a decline in the efficiency of most materials. This compulsive 

trend gave the prevailing presupposition its appeal; that is, until highly efficient InGaN 
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blue LEDs with high densities of dislocation redefined conventional wisdom. This 

surprising result has inevitably driven researchers back to the drawing board in a bid to 

elucidate the various physical phenomena that make III-nitrides so deliciously mysterious. 

 

 

Figure 1.3: Normalized efficiency of various LED materials with respect to defect density. (Adapted from 
Lester, et al. 27 

1.2. Objective 

As was previously discussed, InGaN-based blue LEDs are somewhat immune to the 

deleterious effects of high density of dislocations. This unique property is however not 

uniform across III-nitride-based devices. In fact, GaN and AlGaN semiconductors still 

suffer from numerous efficiency challenges, which have prevented III-nitride LEDs from 
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monolithically overhauling the lighting industry. Many of the challenges facing GaN and 

AlGaN-based emitting devices are directly linked to structural defects such as dislocations. 

Moreover, InGaN is not without its own challenges, as it still suffers from significant 

efficiency droop at high carrier injection rates. Thus, the objective of this dissertation is 

to investigate the effect of some important defects on the carrier dynamics of III-nitride 

materials and devices by optical and structural characterization. 

1.3. Dissertation Content 

This dissertation comprises of nine chapters. Chapter 1 briefly discusses the general 

motivation of this dissertation, historical background of III-nitrides and the specific 

objective of the work reported in this dissertation. Chapter 2 discusses the background 

and review of LEDs. Chapter 3 discusses a brief overview of III-nitride semiconductors. In 

chapter 4, the experimental techniques used in this dissertation are discussed. In chapter 

5, results from the investigation of V-pit defects in InGaN/GaN multiple quantum well 

(MQW) LEDs are discussed. In chapter 6, the effects of grain boundary defects in 

AlGaN/AlGaN MQWs are investigated. Chapter 7 discusses the optical properties of 

GaN/AlGaN MQWs grown on (2̅01) – oriented β-Ga2O3substrate. In chapter 8, the carrier 

dynamics in homoepitaxially grown deep UV (DUV) LED is discussed. Finally, in chapter 9, 

concluding remarks on this dissertation and future directions are represented. 
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Chapter 2. Background and Review 

In this chapter, the general concept of recombination processes is reviewed, as this is 

pivotal to the techniques used in this dissertation. This is then tied with the discussion 

about light emitting diodes. 

2.1. Semiconductor Bandgap 

In a crystal lattice, the unit cell is the smallest repeatable part of the semiconductor 

structure.28 The unit cell is thus defined by the atomic arrangements of the material, as 

well as its interatomic spacing. The smallest unit lengths of the three-dimensional (3D) 

axes of the unit cell are known as the lattice parameters of the material system. The band 

structure varies with the interatomic spacing of the semiconductor compound as well as 

with the orientation of the crystal lattice, which is demonstrated in the band structures 

of silicon and GaN shown in Figure 2.1 (a) and (b).29 

 

Figure 2.1: Band structure of (a) silicon, showing its indirect bandgap and variation of band structure with 
orientation of the crystal lattice. The vertical axis is the energy in eV and the horizontal axis is the 

momentum (k) space which varies with orientation (marked by the values in the square brackets).30(b) 
GaN, showing its direct bandgap.31 
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 Semiconductors can be classified into two types based on their band structure, 

namely indirect and direct bandgap materials. In indirect bandgap materials, the 

conduction band (CB) minimum and the valence band (VB) maximum are not located at 

the same crystal momentum space (Figure 2.1 (a)), whereas in direct bandgap materials, 

the CB minimum and the VB maximum coincide in the momentum space (Figure 2.1 (b)).32 

Direct bandgap materials are extremely crucial for light emitting applications for reasons 

related to energy and momentum conservation, which would be further elaborated in 

Section 2.2. 

Another very important characteristic of bandgap is its dependence on the lattice 

parameters of the semiconductor material.32 For example, the closer the valence 

electrons are to the nucleus of constituent atoms, the smaller interatomic spacing – that 

is, the more difficult it is to separate them from their parent atom. This would translate 

to smaller lattice parameters and a wider bandgap in the semiconductor material. Figure 

2.2 illustrates this inverse relationship between the lattice parameters and bandgap of 

various materials. 
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Figure 2.2: Bandgap vs lattice constants of various semiconductor systems.32 

2.2. Recombination Processes 

It is known that in the absence of external perturbation, in a semiconductor, all 

electrons occupy the VB, and the CB is completely empty. However, with rise in 

temperature, electrons gain thermal energy above the bandgap energy, and then start to 

occupy the lowest states in the CB (Appendix Section I.1.2). As the electrons transition 

from the VB into the CB, they leave behind holes (positively charged electron vacancies) 

in the VB. The process whereby energy is absorbed to create an electron – hole pair is 

called carrier generation. Conversely, when the electron loses energy, it recombines with 

a hole. In both processes, energy and momentum must be conserved. The recombination 

energy can be dissipated as the emission of photons whose photon energy, hν, is 

equivalent to the energy separation that existed between the electron and the hole, or 

as a source of ionization of adjacent atoms through the transfer of energy to their 

electrons, or as lattice vibration (phonon). As such, direct bandgap materials are preferred 
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for light emitting applications because recombining electrons and holes share the same 

crystal momentum space. Consequently, the photon energy after recombination is only 

determined by the bandgap. In indirect recombination, a phonon is required in order to 

conserve momentum. The momentum of this phonon is equivalent to the momentum 

difference between the electron and the hole. This either results in lower photon energy 

than the bandgap, or excitation energy that is significantly higher than the bandgap. Also, 

because this is a second-order process, it is far more improbable than direct 

recombination (Figure 2.3).28 

 

Figure 2.3: Emission of photons in direct and indirect bandgaps respectively. 

Now, attention is shifted to the recombination processes in direct bandgap 

materials since III-nitrides belong in this category. There are several avenues through 

which recombination can occur, categorized into the useful form, namely, radiative 

recombination, and the not-so-useful form: non-radiative recombination. 
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2.2.1. Radiative Recombination 

When there is an external perturbation, for instance electromagnetic excitation, 

whose energy is higher than the bandgap of the semiconductor material, excess carriers 

are generated. Once the electron-hole recombination process occurs, the excess energy 

attained by the carriers can be dissipated as photons with energy equivalent to the 

bandgap energy of the material. This process is known as radiative recombination; and 

the light so generated is called spontaneous emission as shown in Figure 2.4. 

 

Figure 2.4: Radiative recombination process after electromagnetic perturbation 

Since an electron must recombine with a hole for radiative recombination to occur, 

the rate of radiative recombination, 𝑅𝑟𝑎𝑑, must be proportional to the number of excess 

holes generated per second, ∆𝑝, so that 𝑅𝑟𝑎𝑑 ∝ ∆𝑝. Furthermore, the number of 

recombination events should scale with the number of excess generated electrons per 

second, ∆𝑛, so that 𝑅𝑟𝑎𝑑 ∝ ∆𝑛∆𝑝. Finally, because ∆𝑛 = ∆𝑝, we can simply represent this 

rate as Equation 2.1 32 

𝑅𝑟𝑎𝑑 = 𝐵∆𝑛
2       2.1 
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where B is just a constant of proportionality called the radiative coefficient of the 

material. Radiative recombination is essentially a process involving two particles (i.e. an 

electron and a hole), so this equation is often referred to as the bimolecular equation. 

2.2.2. Non-radiative Recombination 

Non-radiative recombination is a broad term which refers to recombination processes 

that do not result in photon emission after an electron and hole recombine. There are 

two known processes through which this can happen, namely Shockley-Read-Hall (SRH) 

recombination and Auger recombination. 

SRH Recombination Process: 

 After excitation, the carriers may be nudged into deep level trap (DLT) states that 

exist inside the bandgap, through lattice vibrations (phonons), thus making the carriers 

recombine without emitting photons. It is noteworthy, however, that DLTs may also 

sometimes cause the emission of photons with energy much lower than the band-edge 

emission of the material. Technically, this latter case is in fact radiative recombination, 

however it is not the desirable type, so it is considered non-radiative process (Figure 

2.5).29 
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Figure 2.5: SRH recombination processes after electromagnetic excitation. 

Unlike bimolecular recombination, deep level traps only capture one carrier at a 

time.33 As such, the rate of recombination is directly proportional to the density of excess 

carriers,29 as expressed by Equation 2.2. 

𝑅𝑆𝑅𝐻 = 𝐴∆𝑛; (𝐴 = 𝜎𝑣𝑡ℎ𝑁𝑡)       2.2 

where 𝑁𝑡 is the density of DLTs in the material, 𝜎 is the capture cross-section of the trap, 

and 𝑣𝑡ℎ  is the thermal velocity of the carriers. The nature of DLTs is of immense academic 

interest,34-36 because producing high-quality light emitters is dependent on mitigating 

their non-radiative effects as much as possible. DLTs are caused by a number defects in 

the crystal lattice, including the absence of a native atom from a site where it would 

normally be located (vacancy), or its substitution with an impurity atom, dislocation 

defects, interstitials and stacking faults. The effects of SRH recombination are usually 

more pronounced at surfaces and interfaces, due to the presence of dangling bonds, 

lattice mismatch between heteroepitaxial materials, and ambient atmosphere.29 As such, 

contributions from SRH recombination become increasingly significant as the active 

volume of the semiconductor material is reduced, since this increases the surface to 
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volume ratio of the structure. It is for this reason that polycrystalline and amorphous 

structures are not commonly used for LED structures. 

Auger Recombination: 

It is evident from Equation 2.2 that reducing the density of traps would lead to a 

reduction in the SRH recombination rate. Alternatively, it may be argued that since the 

number of available trap states decrease as a function of carrier density, one may also 

saturate the traps with a high density of excess carriers, so that when ∆𝑛 ≫ 𝑁𝑡, then 

𝑅𝑆𝑅𝐻 ≪ 𝑅𝑅𝑎𝑑. In other words, we should expect that at very high carrier densities, 

radiative recombination rates in a direct bandgap semiconductor should render non-

radiative processes inconsequential. However, a further complication arises at high 

carrier densities: As the density of excess carriers increases, the probability of these 

carriers interacting with other electrons or holes also increases. This can result in carriers 

transferring energy to one another, rather than dissipating it as photons – a process 

known as Auger recombination.37 To be more precise, Auger recombination takes place 

when the energy released from a recombination event is immediately transferred to 

another carrier, and then dissipated as phonons (Figure 2.6). 
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Figure 2.6: Auger recombination processes after electromagnetic excitation.37 

Auger recombination is a three-carrier process that involves electron-electron-hole 

(eeh) or electron-hole-hole (ehh) interactions, and it can be written as:32 

𝑅𝐴𝑢𝑔𝑒𝑟 = 𝐶∆𝑝∆𝑛
2 = 𝐶∆𝑛∆𝑝2 = 𝐶∆𝑛3     2.3 

where 𝐶 is the Auger coefficient. From this equation, it is clear that Auger recombination 

places a limit on the density of carriers that can be injected into the active region of the 

material. 

2.2.3. Radiative Efficiency 

At any given instance during external perturbation, only the number of generated 

carriers can recombine. We can therefore add the recombination processes described by 

Equations 2.1, 2.2 and 2.3, to obtain the memorably named ‘ABC recombination model’, 

and relate it to generated carrier rate, 𝐺𝑇, as follows:38 
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𝑅𝑇 = 𝑅𝑆𝑅𝐻 + 𝑅𝑅𝑎𝑑 + 𝑅𝐴𝑢𝑔𝑒𝑟 = 𝐴∆𝑛 + 𝐵∆𝑛
2 + 𝐶∆𝑛3 = 𝐺𝑇    2.4 

where 𝑅𝑇 is the total density of recombined carriers per unit time. Since efficiency is 

defined as the ratio between useful output and input of any system, it is easy to deduce 

a formal relationship for the intrinsic radiative efficiency of the material, known as the 

internal quantum efficiency (IQE or 𝜂𝑖𝑛𝑡), as follows:32 

𝐼𝑄𝐸 =
𝐵∆𝑛2

𝐺𝑇
=

𝐵∆𝑛2

𝐴∆𝑛+𝐵∆𝑛2+𝐶∆𝑛3
      2.5 

2.2.4. Extrinsic Efficiencies 

Usually, not all of the emitted photons are collected from the LED chip owing to 

several reasons including reabsorption of emitted light by traps within the 

semiconductor, or low energy recombination sites, absorption by metal contacts and 

current spreading layers, and total internal reflection. Light extraction efficiency (LEE) is 

an efficiency parameter which is used to quantify the LED’s ability to provide useful light. 

It is given by:32 

 𝐿𝐸𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=
𝑃𝑜𝑢𝑡/ℎ𝑣

𝐵𝑛2
     2.6 

The product of IQE and LEE gives the external quantum efficiency (EQE) of the LED 

device. EQE is a measure of the ratio of collected photons to total number of generated 

carriers, given by:32 

𝐸𝑄𝐸 = 𝐿𝐸𝐸 × 𝐼𝑄𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑟𝑎𝑡𝑒
=

𝑃𝑜𝑢𝑡/ℎ𝑣

𝐴𝑛+𝐵𝑛2+𝐶𝑛2
  2.7 
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2.3. Light Emitting Diodes 

In diodes, the electrons and holes tend to diffuse in a direction determined by the applied 

field (See appendix Section I.1.4). The operational principles of a semiconductor-based 

LED are similar. The basic LED structure is encapsulated by the double heterostructure 

(DHS) configuration of semiconductors as shown in Figure 2.7. 

The fundamental idea behind a DHS configuration is to increase the efficiency of 

recombination by forming a p-i-n junction semiconductor. Here, an unintentionally doped 

(i-type) semiconductor with bandgap, 𝐸𝑔𝑖, is cladded between an n-type semiconductor 

with bandgap, 𝐸𝑔𝑛, and p-type semiconductor, with bandgap, 𝐸𝑔𝑝. Two constraints are 

however imposed on the bandgaps: (i) 𝐸𝑔𝑝 ≈ 𝐸𝑔𝑛 > 𝐸𝑔𝑖, and (ii) 𝐸𝑔𝑝,𝑛 − 𝐸𝑔𝑖 ≫ 𝑘𝑇 at 

room temperature. The first constraint ensures that under forward bias conditions, 

generated electrons and holes, rather than diffuse across the i-type (confinement) region, 

get trapped (confined) within it due to the higher potential of 𝐸𝑔𝑝,𝑛, thereby increasing 

the probability of radiative recombination inside of the region. It also allows the cladding 

layers to be transparent to the photon generated inside the i-type layers. The second 

constraint prevents thermal escape of trapped carriers from the confinement region at 

operational temperatures. Initial designs of DHS LEDs were largely based on bulk 

confinement regions with thicknesses greater than 50 nm.39, 40 
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Figure 2.7: A double heterostructure semiconductor configuration showing the typical p-i-n scheme, along 
with the band diagrams of the respective layers. 

2.3.1. Quantum Wells 

Quantum wells (QWs) are very thin active layers with a typical width of 10 nm or 

less, sandwiched between quantum barriers (QBs) with higher energy gaps than the wells. 

In thicker active regions, carriers can easily be thermalized, causing great spatial 

dissociation between electrons and holes as shown in Figure 2.8 (a). This results in the 

reduction in probability of recombination. QWs effectively increase the spatial overlap 

between the carriers (Figure 2.8 (b)). This leads to an increased probability of 

recombination. This results in the increase of the IQE of the device.32 Figure 2.8 (c) 

illustrates the effect of quantum well thickness on the IQE of AlGaInP LEDs. 
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Figure 2.8: (a) DHS device with a thick active region, sowing reduced spatial overlap of carriers due to 
thermal distribution. (b) DHS device with QW and QBs to increase the electron-hole overlap by spatially 

confining electron-hole states (c) Dependence of efficiency on quantum well thickness.32 

2.3.2. Quantum Confinement Effect 

QWs also offer other benefits for DHS devices, one of which is the quantum 

confinement effect. As the well thickness approaches the dimension of the excitonic Bohr 

radius, the carriers start to experience discrete energy levels, which are of higher energy 

gaps than the natural bandgaps of the material. This normally results in a blueshift of the 

emission wavelength of the material, as the allowed transitions occurs between these 

sub-levels rather than the edge of the CB and the VB. In quantum wells, this confinement 

is in the direction perpendicular to the surface of the wells, and results in a step-wise 

density of state for the confined carrier as shown in Figure 2.9.29 
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Figure 2.9: Effect of size on energy gap and density of states. 

The effect of thickness on the allowed energy sub levels provides an additional 

degree of freedom to tune the photon energy of the LED. This phenomenon has been 

experimentally observed in various materials, as illustrated in Figure 2.10 (a) and (b).41, 42 

In the discussion on V-pit defects (Section 3.3.2), it will be shown that quantum 

confinement plays a highly important role in the context of defect screening. 
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Figure 2.10: (a) Evolution of room temperature spectra of InGaN bulk and InGaN/GaN MQWs of varying well 
widths.37 (b) Low temperature spectra of bulk GaInAsSb layer and AlInAsSb/GaInAsSb MQW structures, with 
varying well widths.38 

2.3.3. Quantum Confined Stark Effect (QCSE) 

Quantum wells can be affected by quantum confined stark effect (QCSE). QCSE is a 

bandgap bending phenomenon that leads to electric polarization in which the electron 

(𝜓𝑒) and hole (𝜓ℎ) states are shifted in opposite directions, and occupy lower and higher 

energy states, respectively, causing both a reduction in the probability of recombination 

and a redshift in emission (Figure 2.11 (a)).43, 44 QCSE is caused by the application of an 

external electric field,45 or in the case of III-nitrides, inbuilt polarization effects due to 

interlayer strain and atomic orientation43 (inbuilt polarization is further discussed in 

Section 3.1). 

The former effect (electron-hole overlap reduction) of QCSE can be offset by making 

the quantum well smaller as shown in Figure 2.11 (b).46 
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Figure 2.11: (a) QCSE in a thick quantum well, showing reduction in electron-hole wave function overlap. 
(b) Increase in overlap in a thin quantum well. 

2.3.4. Carrier Overflow 

While thin quantum wells do mitigate the wave function overlap problem caused 

by QCSE, and even equip us with a mechanism by which to tune the bandgap energy, their 

limited active volume limits also, the density of carriers that can be generated per unit 

time. This leads to saturation of all states at low carrier densities. Any additional increase 

in carrier will then lead to carrier overflow. Here, excess carriers, rather than recombining 

radiatively, begin to flow into the quantum barrier. Carrier overflow is thus another 

source of efficiency loss, which differs from non-radiative recombination.32 

To overcome the problem of carrier overflow, multiple quantum wells (MQW) were 

introduced (Figure 2.12 (a)). MQWs add a discrete number of quantum well and quantum 

barrier levels to increase the active volume of the LED heterostructure. This in turn, 

increases the tolerance level of the active region, making the LED more efficient at high 

carrier densities, as demonstrated in Figure 2.12. 
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Figure 2.12: (a) MQWs schematic showing increase in active volume. (b) Room temperature optical 
intensity vs diode current of InGaAs/GaAs LEDs with different numbers of quantum wells.32 

While increasing the number of quantum wells is clearly beneficial, care must be 

taken, as increasing the barriers leads to increase in series resistance which can lead to 

non-uniform distribution of carriers in the active region.32 This is especially notable in 

highly resistive materials such as AlGaN-based MQWs. That said, DHS based on MQWs 

are the most successful LED structures to date, and practically all LED devices are now 

based on this scheme. 

2.3.5. Efficiency Droop Effect 

As was discussed under non-radiative recombination, Auger recombination places 

a limit on the total number of carriers that can be efficiently recombined. Beyond this 

limit, an increase in carrier density will result in a decline in efficiency as shown by the 

highlighted regions in Figure 2.13. 
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Figure 2.13: IQEs of red, green, blue and violet LEDs with highlighted regions showing the efficiency droop 
effect.47 

Although, Auger recombination is widely believed to be the leading cause of 

efficiency droop,48-50 ample evidence also point to other phenomena such as carrier 

overflow, defect assisted tunnelling, SRH recombination and polarization field assisted 

tunnelling.47, 51-53 In fact, Piprek, et al. 54 have suggested that these effects might not be 

mutually exclusive. 
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Chapter 3. III-Nitride Overview 

In this chapter, a brief electrical and structural overview of III-nitrides will be presented. 

Growth of III-nitrides, structural properties, related structural defects, bandgap 

engineering and radiative recombination pathways in the material structure will be 

discussed. 

3.1. Structural and Electrical Properties 

III-nitrides have three possible crystal lattice configurations; namely the (hexagonal) 

Wurtzite, (cubic) Zinc-blende, (Figure 3.1(a) and (b), respectively) crystal structures and 

rocksalt. The wurtzite structure is mechanically robust and the most thermodynamically 

stable configuration, whereas the rocksalt is the least, requiring a phenomenal amount of 

external pressure (>10 GPa) to sustain at ambient conditions.55 

 

Figure 3.1: (a) wurtzite configuration of III-nitrides, with the group III elements and Nitrogen forming 
Hexagonal Close-Pack (HCP) sublattices respectively. (b) Zinc-blend crystal structure of III-nitrides. 



55 
 

In the work reported in this dissertation, all structures are based on the wurtzite 

crystal structure. The atoms in the wurtzite structure assume a tetrahedral coordination, 

with four nitrogen atoms surrounding a group III atom, and four group III atoms 

alternately surrounding a nitrogen atom. The wurtzite structure, due to its lack of 

inversion symmetry, tends to experience non-vanishing polarization. As such, all III-nitride 

wurtzite structures are especially prone to spontaneous polarization of their electric field, 

even in the absence of externally applied field.44 In addition to spontaneous polarization, 

the lattice mismatch between epitaxial layers, in the growth of heterojunction devices, 

also causes piezoelectric polarization due to lattice straining. Some properties of binary 

III-nitrides are given in Table 3.1 

 Melting point56 Lattice Constants43, 56 Band gap @ 300K32, 57, 58 

AlN >2,400 K a = 3.111 Å  

c = 4.982N Å 

6.28 eV 

GaN >2,773 K a = 3.186 Å  

c = 5.186 Å 

3.43 eV 

InN >873 K a = 3.530 Å  

c = 5.703 Å 

~0.7 eV 

Al2O3 2,318 K a = 4.785 Å  

c = 12.991 Å 

9.5 eV 

Table 3.1: Important properties of binary III-N semiconductors and sapphire. 

3.2. Growth 

There are several methods by which III-nitrides are grown. These include hydride 

vapor phase epitaxy (HVPE), MBE and MOCVD. 

HVPE is the method that was employed in the very early days of III-nitride research 

because of its widespread use in the growth of more mature technologies such as Si based 
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semiconductors. HVPE involves the reaction of HCl in its gas phase with molten group III 

metal, to produce gaseous metal chlorides. These then react with ammonia to produce 

III-nitride, HCl and hydrogen by-products. The reaction pathway for GaN is proposed as 

follows:43 

2𝐺𝑎(𝑙) + 2𝐻𝐶𝑙(𝑔) → 2𝐺𝑎𝐶𝑙(𝑔) + 𝐻2(𝑔);      

𝐺𝑎𝐶𝑙(𝑔) + 𝑁𝐻3(𝑔) ⇔ 𝐺𝑎𝑁(𝑠) + 𝐻𝐶𝑙(𝑔) + 𝐻2(𝑔)    3.1 

or 

3𝐺𝑎𝐶𝑙(𝑔) + 2𝑁𝐻3(𝑔) ⇔ 2𝐺𝑎𝑁(𝑠) + 𝐺𝑎𝐶𝑙3(𝑔) + 3𝐻2(𝑔)   3.2 

While this method is not preferred for the growth of very thin layers, it is still useful 

for the growth of III-nitride template layers and free-standing substrates in the thickness 

range of 100s of microns, due to its relatively fast growth rate. Such pre-layers are then 

used as templates for subsequent growth of thin epilayers by MBE and MOCVD.43 

MBE is one of the most versatile methods for the growth of III-nitrides, as it allows 

for the growth of precise monolayers and self-assembling nanostructures such as 

quantum dots, quantum wires, nanorods and quantum disks.59-62 Here, a beam of 

molecules from the reactant metal and nitrogen precursor is released onto the 

substrate’s surface under ultrahigh vacuum (UHV) and elevated temperatures (typically 

exceeding 800°C). The growth rate of the epitaxial layer is usually dependent on several 

interdependent factors. For example, the diffusion rate of the reactant (and dopants) 
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determines the growth rate of the layer, whereas the diffusion rate is itself, determined 

by the temperature of the reactants (and dopants). Traditionally, ammonia gas is used as 

the nitrogen precursor during growth, and hydrogen is given off as a by-product as per 

the chemical reaction: 

2𝐺𝐼𝐼𝐼 + 𝑁𝐻3
𝐻𝑇,𝑈𝐻𝑉
⇔    2𝐺𝐼𝐼𝐼 − 𝑁 + 3𝐻2    3.3 

Ammonia however has a low decomposition efficiency at the typical operational 

temperatures of MBE (<1,000 °C),63 which makes ammonia based MBE inefficient. 

Recently, Plasma assisted MBE (PAMBE) is more frequently employed to replace the use 

of ammonia,64 however, further work is needed to improve scalability. 

As was discussed in the introductory chapter, MOCVD was the technique that was 

used to demonstrate the first set of high-quality semiconductors based on III-nitrides. 

Despite many improvements, the fundamental makeup of the two-flow MOCVD system 

(Figure 1.2) has remained the same. In MOCVD growth, the precursor reactant 

metaloxides (trimethyl(GIII)), such as TMGa, TMAl and TMIn, are reacted with ammonia 

(NH3) under high temperature conditions, starting from 500°C, and reaching above 

1000°C, to produce both the III-nitride single crystal and methane by-product. The 

reaction may be written as: 

𝐺𝐼𝐼𝐼(𝐶𝐻3)3 + 𝑁𝐻3
𝐻𝑇
⇔𝐺𝐼𝐼𝐼 − 𝑁 + 3𝐶𝐻4   3.4 
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In MOCVD, ammonia is an efficient reactant because of the high temperatures 

attainable.43 MOCVD is an extremely successful method by which to grow III-nitride-based 

devices because of its ability to produce high-quality, laterally homogenous MQWs by 

refining the growth parameters such as temperature, pressure and flowrate of precursor 

gasses.65 It is also relatively fast, cheap and scalable; thus preferred for commercial 

purposes. All of the structures investigated in the work reported in this dissertation were 

grown by this method. All InGaN and AlGaN samples were grown by our collaborators at 

the Semiconductor Lighting R&D Center, Institute of Semiconductors, Chinese Academy 

of Sciences, whereas the GaN on Ga2O3 was commercially purchased from Novel Crystal 

Technology, Inc (formerly Tamura Corporation), Japan. 

3.3. Defects 

III-nitrides are prone to intrinsic and extrinsic defects during growth. Some of the 

defects which affect the optical and electrical properties of III-nitride devices are briefly 

discussed in this section. 

3.3.1. Threading Dislocations 

One of the biggest challenges facing the growth of III-nitrides stems from the 

scarcity of substrates with matching lattice constants. This challenge is born out of the 

difficulty of growing native nitride ingots due to the low solubility and high vapor pressure 

of nitrogen in molten group III metals.43 As a result, III-nitrides are almost certainly bound 

to be grown on non-native substrates. During heteroepitaxial growth, sapphire is typically 
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used as the substrate of choice due to its relative cheapness, bulk availability and 

broadband transparency. This, however, means that the III-nitride epilayer always suffers 

significant lattice mismatch (>15% for GaN). This mismatch usually results in a number of 

structural defects. Threading dislocations (TDs) are a category of such defects. They form 

at highly mismatched interfaces and cleave through the epilayers of the semiconductor 

device, and can be detrimental to the optical properties of the material. There are three 

main types of TDs present in III-nitrides, namely edge (a-type), screw (c-type) and mixed 

(a+c type) dislocations. Edge dislocations occur to compensate for twist misorientations 

from the [0001] axis, and have Burgers vectors, 𝑏 = 𝑎 =
1

3
⟨21̅1̅0⟩, perpendicular to the 

line of propagation. Screw dislocations occur due to stepped substrate surface, and have 

Burgers vector, 𝑏 = 𝑐 = [0001], parallel to the direction of propagation Schematics of 

edge and screw type dislocations are shown in Figure 3.2. The mixed types are a 

combination of both, and are the most common in MOCVD grown materials.66 

 

Figure 3.2: (a) Edge dislocation. (b) Screw dislocation.43 
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These defects form non-radiative complexes in the material, and are therefore 

detrimental to the optical performance of materials.27 Figure 3.3 shows TDs originating 

from sapphire substrate into overgrown epilayers. 

 

Figure 3.3: TEM image of AlGaN/AlN epilayer showing threading dislocations emanate from the 
Sapphire/AlN interface (taken from my work). 

As was discussed under SRH recombination (section 2.2.2), these defects are 

responsible for introducing deep trap states into the bandgap of the material, which 

prevent carriers from radiatively recombining. 

Many methods have successfully been used to mitigate the effect of these defects, 

including the pre-growth of low temperature buffer layer,19, 20 epitaxial lateral 

overgrowth (ELO),67 the use of nano-patterned sapphire substrate,68 and more recently, 

the use of strained-layer superlattices (SLS).69-71 In addition, significant improvements 

have recently been made in the growth of native substrates, potentially paving the way 



61 
 

for virtually defect-free structures.72, 73 Still, not much research has been carried out on 

homoepitaxial devices, possibly due to the prohibitive cost of these native substrates. 

3.3.2. V-pit defects 

V-pit defects are an interesting group of defects that are endemic to III-nitrides. 

They are closely associated with TDs and are known to originate from pure screw or mixed 

TDs (Figure 3.4 (a)).74, 75 V-pits typically form hexagonal facets along the {101̅1} group of 

planes ((Figure 3.4 (b)). 

 

Figure 3.4 (a) STEM image showing V-pit defect forming on a TD. (b) 3D model of the V-pit defect. 

The emergence of V-pits has been attributed to the dependence of adatom surface 

mobility on the growth plane.74 For example, Hangleiter, et al. 76 showed that the growth 

rate of In atoms along the semi-polar plane is slow. This would also explain their 

preference for pure screw/mixed type dislocation, since these act as centers for spiral 

growth with exposed facets.74 
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It was very quickly discovered that, in InGaN-based MQWs, V-pits provide the 

distinct benefit of defect screening due to MQW thinning that takes place along the facets 

of the pits during growth (Figure 3.5).76 As a result, much effort has been expended on 

regulating their growth rather than outrightly eliminating them.76-78 

 

Figure 3.5: 3D model of a V-pit defect originating from a TD, along with corresponding energy gap 
schematic of the system. 

3.3.3. Point defects 

Point defects are atomic irregularities in the periodicity of the crystal lattice. There 

are two categories of point defects, namely intrinsic and extrinsic defects. In intrinsic 

defects, the irregularities may be caused by the presence of a void where a native atom 

should exist in the lattice structure (vacancy) or by a discontinuity in the periodicity of the 

lattice atoms due to an irregularly placed native atom (self-interstitial). In extrinsic point 
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defects, an impurity atom can either displace a native atom from its normal position 

(substitutional impurity) or can behave as an interstitial impurity atom (Figure 3.6).43 

 

Figure 3.6: Types of point defects. 

Varying degrees of interstitial, vacancy and substitutional defects are quite common 

in III-nitrides.79 It is believed that these defects form a multitude of deep and shallow 

donor and acceptor states within the bandgap of the materials.80 In particular, 

interactions between oxygen/carbon/silicon substitutionals,81, 82 which form deep donor 

states, and gallium vacancies, which form shallow acceptor states, are believed to be 

responsible for the yellow luminescence characterizing GaN emission.81 This is also 

applicable to the blue luminescence in AlN crystals.83, 84 

3.3.4. Grain Boundary Defects 

These are types of planar extended defects, which form at the interface of grains. 

They are characterized by a change in lateral planar orientation around such interfaces. 
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They apparently form as an accommodation of small deviations from misoriented 

angles.43 Grain boundaries are heavily influenced by growth conditions and lateral 

kinetics of adatoms,85, 86 and can modulate the strain fields of TDs.87 An example of grain 

boundary defects is shown in Figure 3.7. 

 

Figure 3.7: (a) Plan-view HREM image of a grain showing the interfacial disconnections that lead to grain 
boundary defects in GaN (b) Atomic mapping of the lettered circuit (PQSTUV).43 

3.4. Bandgap Engineering 

III-nitrides are most notable for their direct bandgaps, which makes them ideal for 

optoelectronic applications. The band structure of InN, GaN and AlN are shown in Figure 

3.8, and the corresponding bandgap values are 0.77 eV, 3.43 eV and 6.28 eV, respectively, 

as shown in Figure 3.8. 
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Figure 3.8: Band structure of InN, GaN and AlN respectively. 88-90 

In principle, it is possible to engineer the bandgaps of III-nitride-based materials by 

alloying them into their ternary/quaternary variants. This permits bandgap tunability 

across a wide energy range, from infrared to deep ultraviolet wavelengths, for LEDs grown 

of such alloys (See Figure 3.9). In a ternary system like AlxGa1-xN for instance, the bandgap 

energy, 𝐸𝑔,𝐴𝑙
𝑥
𝐺𝑎1−𝑥𝑁

, can be roughly predicted through linear interpolation between the 

bandgap energies of AlN (𝐸𝑔,𝐴𝑙𝑁) and GaN (𝐸𝑔,𝐺𝑎𝑁), where x is the mole fraction of AlN, 

following Vegard’s law91: 

𝐸𝑔,𝐴𝑙
𝑥
𝐺𝑎1−𝑥𝑁

= 𝑥𝐸𝑔,𝐴𝑙𝑁 + (1 − 𝑥)𝐸𝑔,𝐺𝑎𝑁    3.5 
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Figure 3.9: Bandgap Vs lattice constant of III-Nitrides at room temperature.32 

In practice, the presence of polarization in III-nitrides causes a deviation from the 

linearity predicted by Vegard. Therefore, Equation 3.4 has been modified with a bowing 

parameter to reflect the true bandgap after alloying. The modified form of Vegard’s law 

is thus given as:28 

𝐸𝑔,𝐴𝑙
𝑥
𝐺𝑎1−𝑥𝑁

= 𝑥𝐸𝑔,𝐴𝑙𝑁 + (1 − 𝑥)𝐸𝑔,𝐺𝑎𝑁 − 𝑏𝑥(1 − 𝑥)   3.6 

where b is the bowing factor. 

 Vegard’s law is applied in the design and synthesis of ternary and quaternary 

structures, as a heuristic first guess on typical proportions of each metal of the alloy. 

However, deviations from the expected bandgap predicted by Vegard can exist for various 

reasons, including the thickness of the active region. We know that MQW’s have largely 
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superseded the use of bulk structures in the growth of LEDs (see section 2.3.1). It is also 

known that at the nanoscale, the physical size may directly modulate the effective 

bandgap of the semiconductor material.92, 93 Therefore, as the active region becomes 

smaller, the effect of lateral inhomogeneity becomes more pronounced. The non-uniform 

lateral thickness may thus be visualized, as a distribution of localization states across the 

bandgap (Figure 3.10).94 In addition, to lateral inhomogeneity due to thin active region, 

compositional inhomogeneity may also cause a deviation from expected bandgap value. 

This phenomenon is endemic to InGaN alloys in particular. There is a well-known 

immiscibility ‘problem’ between InN and GaN that causes random alloy segregation 

during growth.95, 96 The effect of this phenomenon is quite similar to that of lateral 

inhomogeneity, since these compositionally inhomogeneous islands tend to form 

localizing potentials as well. In the case of InGaN, it is not entirely accurate to refer to 

compositional inhomogeneity of the material system as a problem since it is known to 

enhance radiative efficiency by isolating carriers from non-radiative complexes 97 

 

Figure 3.10: Lateral inhomogeneity and effective bandgap in thick and thin active layers. 



68 
 

3.5. Radiative Recombination in III-Nitrides 

 There are usually several paths to radiative recombination in III-nitrides, which 

include near bandedge emission (NBE) (free excitons, bound excitons, and free carrier 

recombination), donor-acceptor pair emission and deep-level emission. 

3.5.1. Near Bandedge Emission 

3.5.1.1. Free Exciton Recombination 

After exciting an electron into the CB, leaving a hole in the VB, an electron-hole pair 

can be formed, in which the constituent electron and hole are bound to each other by 

coulombic attraction (acting in a hydrogen atom-like manner). These electron-hole pairs 

may be regarded as compound particles. Free excitons (FX) are loosely bound excitons 

characterized by large radii, in a delocalized state, and can freely move across the crystal 

before recombination.98 As a result of the presence of the coulombic force, free excitons 

emit photons, ℎ𝑣𝐹𝑋, at an energy lower than the bandgap of the semiconductor after they 

recombine. This may be expressed as: 

ℎ𝑣𝐹𝑋 = 𝐸𝑔 − 𝐸𝐹𝑋      3.7 

where 𝐸𝐹𝑋 is the free exciton binding energy. 

3.5.1.2. Bound Exciton Recombination 

There are no truly intrinsic semiconductors. In practice, there is usually a small 

amount of native defects and impurities which tend to add acceptor and donor states to 

the semiconductor during growth. As such, excitons may be spatially localized near these 
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impurities, as donor bound (D0X/I2), acceptor bound excitons (A0X/I1) and donor-acceptor 

pair (DAP), depending on the type of impurity to which they are bound. Bound excitons 

are characterized by smaller Bohr radii.98 Bound excitons usually have photon energies, 

ℎ𝑣𝐵𝑋, that are lower than free excitons and are defined as:99 

ℎ𝑣𝐵𝑋 = 𝐸𝑔 − 𝐸𝐵𝑋 − 𝐸𝐹𝑋     3.8 

where 𝐸𝐵𝑋 is the bound exciton binding energy. 

In intrinsic III-nitrides, D0Xs are usually the dominant bound exciton states because 

impurities such as oxygen and silicon, which are usually present during growth, act as 

donors.99 

DAP excitons are excitons that are bound between neutral donor and acceptor 

impurities. They are particularly noticeable in crystals that have been doped with 

acceptors.100 On recombination, both impurities become ionized, increasing the 

coulombic interaction between them. The photon energy, ℎ𝑣𝐷𝐴𝑃, of a DAP is usually 

lower than that of other bound excitons, and indeed other radiative recombination 

processes, because it is fundamentally an impurity-impurity transition. 

ℎ𝑣𝐷𝐴𝑃 = 𝐸𝑔 − 𝐸𝐷 − 𝐸𝐴 +
𝑞2

𝜀𝑅
     3.9 

where 𝐸𝐴 and 𝐸𝐷 are the acceptor and donor levels respectively, ε is the dielectric 

constant of the semiconductor and 𝑅 is the separation between donor and acceptor 

impurity. 
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Figure 3.11 (a) shows the typical transition schematic of III-bound excitons. Figure 

3.11 (b) shows a low temperature photoluminescence spectrum of GaN grown on SiC 

substrate. It is notable that excitonic recombination dominates the recombination 

processes at low temperature. This phenomenon arises because at low temperatures, the 

excitonic binding energies, 𝐸𝐵𝑋 and 𝐸𝐹𝑋 are usually greater than the thermal energy, 𝑘𝑇. 

At high temperatures, however, when 𝐸𝐵,𝐹𝑋 < 𝑘𝑇, bound excitons may gain enough 

thermal energy to first dissociate them from their host impurity into free excitons, and 

then subsequently into free carriers. 

 

Figure 3.11: Low temperature (7K) photoluminescence spectrum of undoped GaN showing donor bound, 
acceptor bound and free exciton emissions. (Meyer, et al. 101) 
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3.5.1.3. Free Carrier Recombination 

After thermal dissociation of excitons, at room temperature, for example, radiative 

recombination can still occur as free carriers, albeit, with no obvious contributions from 

coulombic interactions this time. Free carrier recombination can occur as band-to-band 

(ℎ𝑣𝐵−𝐵), donor-to-VB (ℎ𝑣𝐷−𝑉𝐵) and CB-to-acceptor (ℎ𝑣𝐶𝐵−𝐴) transitions. Figure 3.12 (a) 

shows the different types of free carrier transitions. Although, at room temperature, 

band-to-band recombination dominates the radiative process due to almost complete 

ionization of donor and acceptor sites as shown in Figure 3.12 (b).29 

 

Figure 3.12: (a) Free carrier recombination processes. (b) : Room temperature luminescence from GaN film 
showing the band edge and yellow luminescence peaks.32 
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3.5.2. Deep Level Emission 

The deep level luminescence originates from deep states within the forbidden gap. 

While the exact origins of these deep level emissions are not known due to the broadness 

of the states, it is widely believed that they arise from shallow group III vacancies (VaGIII) 

and substitutional oxygen complexes in nitrogen sites (ON).102 In GaN, this band is 

expressed as a broad yellow/green luminescence (YL/GL) as seen in Figure 3.12 (b). As 

stated in Section 2.2.2, this type of luminescence is generally undesirable. 
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Chapter 4. Experimental Setup 

In this chapter, the various experimental setups are discussed that were 

instrumental in the completion of the projects herein. Different Photoluminescence (PL) 

setups will be described as they are the centerpiece of the analyses performed in the 

projects shown in this dissertation. The structural and electrical techniques that have 

been used for these projects are also described in this chapter. 

4.1. Photoluminescence Spectroscopy 

PL spectroscopy is a method by which information about the photoemission 

spectrum of a specimen of interest can be determined. Fundamentally, the setup consists 

of an excitation light source, a specimen and a spectral detector, as shown in Figure 4.1. 

Photoemission is achieved when the photon energy of the excitation source, ℎ𝑣𝑖, exceeds 

the bandgap energy of the sample under investigation.103 Each of the components will 

now be described separately. 



74 
 

 

Figure 4.1: Typical PL spectroscopy setup. 

4.1.1. Excitation 

In all the PL experiments performed as part of the work reported in this dissertation, 

two continuous wave (CW) and one ultrafast pulsed laser excitation sources were used, 

namely: (i) CW argon ion (Ar+) laser, (ii) CW helium cadmium (HeCd) laser and (iii) a 

femtoseconds (fs) pulsed Ti:Sapphire laser. 

Continuous Wave Excitation: 

Ar+ laser 

Ar+ laser is a type of gas laser that takes advantage of the characteristic emission 

spectral lines of hot gasses. As its name suggests, the gain medium is Ar gas, which has 

several characteristic lines, of which the most prominent are the 514.5 nm and 488 nm 

lines. The Ar+ laser used in this project is the Lexel 85-SHG model. 
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Figure 4.2: Lexel 85-SGH Ar+ configuration.104 

The Lexel configuration is a two/three-mirror laser cavity. In its two-mirror 

configuration, it consists of a plasma tube containing argon gas, placed between two 

mirrors, M1 and M6, which form the laser cavity. The plasma tube is coupled with input 

electrodes that are used to subject it to high electric current, which causes it to emit the 

characteristic lines of Ar+. It also has prism to allow for wavelength tuning in accordance 

with the available spectral lines. In the three-mirror configuration, a cavity is formed 

between M1, M2 and M3, with a barium borate (BBO) non-linear optical crystal (NLO) 

placed between M2 and M3 for 2nd harmonic generation (SHG). The Lexel 85-SHG has 

characteristic lasing lines at 458 nm, 488 nm and 514 nm; and due to its SHG capability, 

their equivalent lines at 229 nm, 244 nm and 257 nm.105 

He-Cd Laser 

The HeCd laser (Figure 4.3) is a CW metal vapor laser whose gain medium is a 

combination of He and Cd. It works by vaporizing Cd metal using high current circuit. 

Subsequently, ionized He atoms collide with, and excite the Cd atoms to 5s states. The Cd 
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electrons subsequently relax to 5p states, emitting plasma discharge at characteristic 

wavelengths of 325 nm and 442 nm.106 The He-Cd laser used in the work reported in this 

dissertation is the 2-mirror cavity Kimmon IK series, optimized for the 325 nm line. 

 

Figure 4.3: Kimmon He-Cd laser 2-mirror cavity configuration.107 

Ultrafast Excitation Source 

The ultrafast laser used in the work reported in this dissertation was a Ti:Sapphire 

MIRA 900-F femtosecond laser system by Coherent, Inc, with a pulse width of ~150 fs and 

a repetition rate of 76 MHz. The components of this setup include a Verdi 18 solid state 

CW pump source, the MIRA auxiliary cavity, the pulse selector and the harmonic 

generator as shown in Figure 4.4. 
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Figure 4.4: Coherent MIRA 900-F Ti:Sapphire setup. 

Ti:Sapphire laser is an optically pumped solid state laser with Titanium doped Al2O3 

as the gain medium. Ti:Al2O3 is a preferred gain medium because both its absorption and 

emission spectra are broad (shown in Figure 4.5), which allows it to be pumped by a wide 

range of light sources, while allowing a wide output tunability range. 

 

Figure 4.5: Absorption and emission spectra of Ti:Sapphire crystal.108 

Ti:Sapphire can be optically pumped efficiently within the 460 nm – 550 nm spectral 

range. The optimal emission wavelength for laser applications ranges between 690 nm 
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and 1050 nm, with the peak intensity located at 800 nm. The major advantage of 

Ti:Sapphire lasers is their self-mode-locking property. When lasing, Ti:Sapphire has 

thousands of longitudinal modes operating in fixed phases. As a result, these modes 

destructively interfere with each other, except at fixed intervals where there is a sudden 

constructive interference of all the modes. This creates spectrally broad but temporally 

short (~10-15 s) pulses. The higher the number of interfering modes, the shorter the pulse 

width.108 Each of the components in the Ti:Sapphire setup is described in further detail 

below. 

Pump: The Ti:Al2O3 setup is optically pumped by a Coherent Verdi V18 frequency 

doubled vanadate (Nd:YVO4) solid state laser. The vanadate crystal is, itself, pumped by 

two 30W Fibre Array Package-Integrated (FAP-I) laser diodes which are located in the 

control panel. The optically pumped vanadate crystal has a strong near-infrared emission 

at 1064 nm. It is frequency doubled, with a characteristic green emission line at a 

wavelength of 532 nm, which falls within the efficient absorption range of Ti:Al2O3 

crystals. 

Auxiliary Cavity: The Ti:Sapphire laser used in the work reported in this dissertation 

is the Coherent MIRA 900-F auxiliary cavity. Its optical configuration is a 7-mirror (M1-

M7) folded cavity laser shown in Figure 4.6. The other components in the cavity include 

focusing lens, L1, which focuses the pump beam unto the Ti:Sapphire crystal; Brewster 

prism pair, BP1 and BP2, which act as compensators for the group velocity dispersion 

(GVD) of shorter wavelengths of the emission by increasing their speed relative to the 
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long wavelength parts; the birefringent filter (BRF), which is used to tune the output 

wavelength of the cavity; and the starter, which is a butterfly shaped crystal galvo. The 

starter oscillates to make small alterations to the cavity length in order to finetune the 

mode-locked operation of the Ti:Sapphire.109 

 

Figure 4.6: MIRA 900-F optical cavity configuration.110 

At 800 nm, the MIRA 900-F has a typical pulse energy of ~26 nJ, which corresponds 

to a phenomenally high pulse power of ~1.7 MW. This makes the setup ideal for power-

dependent PL, as well as time resolved PL (TRPL) spectroscopy, which is discussed in 

Section 4.1.3.2. 

Pulse Selector: The MIRA 900-F Ti:Sapphire laser is accompanied by an APE GmbH 

Pulse Select module. The Pulse Select is a device used to modulate the pulse frequency of 

an ultrafast laser with an acousto-optic modulator, also known as a Bragg cell. The Bragg 

cell consist of a crystal whose refractive index can be modulated by radio frequency (RF) 

signals. This property allows the Bragg cell to spatially deflect the laser input pulses. Thus, 

if a periodic RF signal is applied, the refractive index of the crystal changes at the same 
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frequency as the applied RF signal. This deflects a number of pulses at regular intervals, 

allowing the others to be blocked. This apparatus is useful for applications that require 

long durations between pulses. The APE GmbH Pulse Select module can modulate the 

pulse repletion rate within the range of 15 kHz to 2MHz.110 

 

Figure 4.7: APE GmbH pulse selector module.110 

Harmonic Generator: Since the Ti:Al2O3 emission lies in the 690 – 1050 nm 

wavelength range, it needs to be coupled with a harmonic generator for wide bandgap 

measurements. The harmonic generator used in this setup is the Coherent Harmonic 

Generator System (HGS) Dual, shown in Figure 4.8. The system consists of femtoseconds 

optics capable of withstanding high pulse energy values. These include a pair of NLO 

harmonics generating crystals and their accompanying compensators. The 2nd harmonic 

generator (2HG) crystal doubles the frequency of the fundamental beam, whereas the 3rd 

harmonic generator (3HG) crystal mixes the frequency-doubled beam with the 

fundamental beam to triple the output frequency. The compensator crystals are linear 

media with refractive indices similar to that of the NLO crystals. They are mechanically 

coupled to the NLO crystals to readjust the beam path on exiting the harmonic crystals. 
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The delay compensator contains a pair of prisms that correct for the GVD phenomenon 

between the fundamental and frequency-doubled beam. The wave plate changes the 

polarization of the fundamental beam from horizontal to vertical, so that it corresponds 

with the polarization of the frequency doubled beam. This enables effective mixing of the 

fundamental and frequency-doubled beam for 3HG.111 

 

Figure 4.8: Coherent SHG/third harmonic generator (THG) dual harmonics generator.111 

4.1.2. Specimen Assembly 

The specimen assembly refers to the physical structure upon which the 

semiconductor samples are mounted for PL and time-resolved PL investigations. In the 

simplest case, this would be a solid sample holding plate that does not have any emission 

spectra when an excitation source is incident. Many of the experiments carried out in the 

work reported in this dissertation were performed at cryogenic temperatures. This 

required the samples to be mounted in a closed-cycle He cryostat under high vacuum 

conditions (Figure 4.9). The cryostat is fitted with an electric heating thermostat and 
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semiconductor temperature detectors, both forming a feedback system with a 

temperature control panel that accurately regulates the temperature of the sample 

holder. The operating temperature range of the cryostat is ~5K – 500K. In the work 

reported in this dissertation, two closed-cycle cryostats were used, including the ARS DE-

204S coupled with an ARS 4HW helium compressor, and a Janis SHI-4-2 cryostat coupled 

with a Sumitomo HC-4E Helium compressor. The ARS system was assigned to the CW PL 

setup, whereas the Janis system was attached to the ultrafast PL system. Both were 

evacuated using Edwards TP-75DR and TS-75-D turbo vacuum pumps, respectively. 

 

Figure 4.9: Cryostat setup for temperature-dependent measurements. 

In addition to the closed-cycle cryostat system, the ultrafast specimen assembly 

also included a homemade µ-TRPL system, as shown in Figure 4.10. The system was built 

by me, from a repurposed Nikon eclipse 50i microscope. The microscope was refitted with 

DUV objectives. 
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Figure 4.10: homemade µ-TRPL setup. 

4.1.3. Detection 

Two detection setups were used in the work reported in this dissertation, allowing 

for time integrated PL (TIPL) and TRPL detection, based on the nature of the experiment. 

4.1.3.1. TIPL Detection 

After photoexcitation, the signal emitted by the sample under investigation is 

collected and focused into a spectrograph. The spectrograph is a device designed to 

resolve incident light into its component wavelength. Because photoexcited 

semiconductors emit photons with well-defined wavelengths (𝜆𝑒 =
ℎ𝑐

ℎ𝑣𝑒
), a spectrograph 

can produce an emission spectrum depicting a 2-dimensional graph of intensity vs 

wavelength of the detected photons (Figure 4.11). 
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Figure 4.11: TIPL detection setup. 

 

Figure 4.12:Grating beam path. 

The functional component in a simple spectrograph is its diffraction grating (Figure 

4.12), which spatially disperses incident light. The grating is a transmissive or reflective 

surface with parallel, evenly spaced slits. The rule guiding light diffraction on a grating’s 

surface is known as the grating equation, which can be derived from the Huygens-Fresnel 

principle as follows: 
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𝑑(sin 𝜃𝑖 − sin 𝜃𝑚) = 𝑚𝜆       4.1 

where 𝑑 is the distance separating two grooves, 𝜃𝑖  is an arbitrary angle of beam incidence, 

𝜃𝑚 is the angle between the diffracted ray and the grating normal, 𝜆 is the diffracted light 

wavelength, and 𝑚 is an integer representing the diffraction order. The equation shows 

that the observed wavelength is dependent on the angle from the normal of the grating, 

while the grating resolution is governed by the distance between grooves, usually 

measured as groove density (g/mm). The higher the number of grooves on the grating, 

the higher its spectral resolution. The grating can also be designed to be efficient at fixed 

wavelengths, by controlling the blaze angle, θB. The wavelength-blaze angle relationship 

of the grating is given by:112 

sin 𝜃𝐵 =
𝑚𝜆

2𝑑⁄         4.2 

The spectrograph is usually coupled to a light detector. This could be a photodiode, 

photo-multiplying tube (PMT) or more recently, charge-coupled device (CCD) cameras. 

These convert the detected photons into electrical signals that are further processed on 

a workstation. The spectrograph used in the work reported in this dissertation is the 

Andor Shamrock 303i. It is equipped with a motorized turret with three mounted gratings 

that have groove densities 299g/mm, 300g/mm and 2400g/mm, and blaze wavelengths 

300 nm and 500 nm for the first two, respectively. The spectrograph is coupled to a 

thermo-electrically cooled electron multiplying Newton CCD sensor.113 All TIPL 

experiments were carried out by me. 



86 
 

4.1.3.2. TRPL Detection 

TRPL is a technique by which the characteristic emission of a semiconductor sample 

is resolved in time. It follows from the fact that the total number of recombining carriers 

after a generation event is time dependent. This is adapted from the radiative rate 

equation (Equation 2.1) as:32 

𝑅 =
𝑑𝑛

𝑑𝑡
= 𝐵[𝑛𝑜 + Δ𝑛(𝑡)][𝑝𝑜 + Δ𝑝(𝑡)]     4.3 

where 𝐵 is the radiative coefficient, 𝑛𝑜 and 𝑝𝑜 are the equilibrium carrier concentrations, 

and Δ𝑛(𝑡) = Δ𝑝(𝑡) are the time-dependent excess generated carriers. From here, two 

excitation regimes can be defined. In the first excitation regime, where 𝑛𝑜 , 𝑝𝑜 ≫

Δ𝑛(𝑡), Δ𝑝(𝑡); then, 

𝑑n

𝑑𝑡
= 𝐵𝑛𝑖2⏞

𝑅𝑜

+ 𝐵Δ𝑛(𝑡)[𝑛𝑜 + 𝑝𝑜]⏞          
Δ𝑅

     4.4 

𝑅𝑜 is the equilibrium recombination rate and Δ𝑅 is the recombination rate of the excess 

carriers. If we set the t=0 to correspond with the moment generation stops, then the time-

dependent carrier concentration can be derived from the total generation, 𝐺𝑇𝑜𝑡𝑎𝑙, and 

recombination, 𝑅𝑇𝑜𝑡𝑎𝑙, rates as follows: 

𝑑n(t)

𝑑𝑡
= (𝐺𝑜 + Δ𝐺)⏞      

𝐺𝑇𝑜𝑡𝑎𝑙

− (𝑅𝑜 + Δ𝑅)⏞      
R𝑇𝑜𝑡𝑎𝑙

     4.5 

Since we are only interested in the rate of recombination from t=0, and 𝐺𝑜 is 

negligible compared to Δ𝑅, 𝐺𝑇𝑜𝑡𝑎𝑙  can be set to 0, so that 
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𝑑Δn(t)

𝑑𝑡
= −Δ𝑅 = −𝐵Δ𝑛(𝑡)[𝑛𝑜 + 𝑝𝑜]     4.6 

Solving the differential equation then yields an exponential decay time dependence 

on excess carriers, given by: 

Δ𝑛(𝑡) = Δ𝑛𝑜𝑒
−
𝑡

𝜏,       4.7 

where 𝜏 =
1

𝐵[𝑛𝑜+𝑝𝑜]
 

In the second excitation regime, 𝑛𝑜 , 𝑝𝑜 ≪ Δ𝑛(𝑡), Δ𝑝(𝑡), so, 

𝑑n

𝑑𝑡
= 𝐵𝑛𝑖2⏞

𝑅𝑜

+ 𝐵Δ𝑛(𝑡)2⏞    
Δ𝑅

     4.8 

then, 

𝑑Δn(t)

𝑑𝑡
= −𝐵Δ𝑛2(𝑡),     4.9 

finally, we yield 

Δ𝑛(𝑡) = 1/(Bt + Δ𝑛𝑜
−1 )      4.10 

Equation 4.10 is still a decay function, albeit, non-exponential. Also, non-

exponential decay of excess carriers may be experienced for reasons other than high 

carrier injection rates, including disorder in the material lattice, presence of multiple 

recombination sites, photon-phonon interactions and so on.114 This is certainly the case 

for III-nitrides, which almost always experience non-exponential excess carrier decay 

processes. The complexity associated with the source of non-exponential carrier decays 
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is usually reduced to a multiple or stretched exponential decay model for experimental 

convenience.32, 115 In any case, the time-dependent decay characteristic of photoexcited 

carriers can give us important information about the carrier recombination dynamics in 

the material. 

The time-dependent recombination phenomena of excess carriers can be imaged 

using a streak camera, which operates by converting a stream of incident photons into 

electrons by means of a photocathode. The electrons then pass between two electrodes. 

On the application of a voltage bias that varies with time, a sweep voltage, the electrons 

are vertically deflected before arriving on a phosphor screen (Figure 4.13).116 

 

Figure 4.13: Schematic of the streak camera setup. 

The streak camera is coupled, to a spectrograph on the input side, and to a CCD 

array on the output side. This arrangement allows the detection of a 3-dimensional data 
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matrix consisting of (i) the incident photons wavelength on the horizontal axis, (ii) on the 

vertical axis, the recombination time of the photons relative to time, t=0, when the 

excitation source is switched off (i.e., excess generation, Δ𝐺 = 0), and (iii) the intensity 

of photons on the z axis, which is related to the per-pixel intensity of the CCD array. 

The Hamamatsu C5680 streak camera unit was used in the work reported in this 

dissertation, along with two different voltage sweep units. For samples with decay times 

exceeding 2 ns, the Hamamatsu M5677 slow sweep streak unit was used as the sweep 

voltage source. It has time range settings in the 5 ns – 1 ms range, and is triggered by an 

RF signal source that was used to reduce pulse frequency of the excitation source. For 

samples with decay times shorter than 2 ns, the Hamamatsu M5675 Synchroscan unit 

was used as the sweep voltage source. It is a GHz sinusoidal sweep voltage generator with 

a time range from 120 ps to 2 ns. In order to prevent backsweeping from the opposite 

sinusoidal slope, the Synchroscan unit is usually operated with a blanking unit, which 

applies horizontal sweep to the backswept signals, to deflect them off-course from the 

imaging screen.116 

Since recombination phenomena in semiconductor structures tend to be ultrafast 

in nature (ranging from a few picoseconds to hundreds of nanoseconds), the streak 

camera can only be paired with ultrafast laser sources.117  
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Figure 4.14: Intensity vs time model showing the ideal relationship between excitation pulses (red) and the 
PL decay (blue line) of an arbitrary sample. 

Figure 4.14 shows a train of excitation pulses with pulse width, 𝜏𝑒𝑥 and repetition 

time, 𝜏𝑟𝑒𝑝, along with the corresponding PL decay trend of an arbitrary sample with PL 

lifetime, 𝜏𝑃𝐿. To accurately detect the carrier decay trend of any sample, three 

requirements must be met. (i) 𝜏𝑒𝑥 ≪ 𝜏𝑃𝐿, (ii) 𝜏𝑃𝐿 < 𝜏𝑟𝑒𝑝 and (iii) 𝜏𝑃𝐿 must fall within the 

time detection range of the streak camera. The Coherent MIRA 900-F Ti:Sapphire ultrafast 

laser, with 𝜏𝑒𝑥 = 150 fs and 𝜏𝑟𝑒𝑝 = 13.2 ns, is an excellent pair with the synchroscan mode 

of operation of the streak camera used in the work reported in this dissertation. For 

experiments involving the single sweep unit, the pulse select module was used to increase 

𝜏𝑟𝑒𝑝. All TRPL experiments were carried out by me. 

4.1.4. Photoluminescence Excitation (PLE) and Quantum Yield (QY) Setup  

PLE is selective PL excitation. It consists of the same basic elements, with the distinct 

flexibility of a tuneable excitation source, whereas the detected line remains fixed.103 The 

excitation is a broadband lamp, typically Xenon arc lamp, with a broadband emission 

range that could go as low as 180 nm through to near infrared as shown in Figure 4.15. 
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Figure 4.15: Emission spectrum of Xenon arc lamp.118 

The excitation wavelength is tuned using a grating. The bandwidth of the excitation 

source can be selected by controlling the width of a slit positioned in front of the 

diffracted light, as shown in Figure 4.16. The PLE setup used in the work reported in this 

dissertation was an Edinburgh Instrument FLS980 Spectrometer. On the excitation side is 

a 1000 W Xenon arc lamp and the detector is an R928P photo multiplying tube (PMT) with 

a detection range from 200 nm – 900 nm.119 This set up was used to carry out comparative 

PL measurements in chapter 7 only. The measurements by this instrument were carried 

out by me. 



92 
 

 

Figure 4.16: Edinburgh Instruments FLS980 Spectrometer setup. 

4.2. Electroluminescence (EL) Spectroscopy/I-V 

Characterization 

Electroluminescence (EL) spectroscopy29 is a means by which the emission 

spectrum of a sample is measured after electrical excitation. It differs from PL in that the 

excitation source is usually a voltage generator instead of a laser. Also, PL can be 

wavelength selective during excitation, whereas EL is not. EL is a crucial characterization 

technique however, as most LEDs are electrically driven; and so it gives information about 

the practical operating conditions of the LEDs. Of course, after the incorporation of ohmic 

contacts. Other diode properties such as current-voltage (I-V) characteristics can be 

measured with the same setup. Together, these can give important information about 

the device, such as IQE, EQE, diode resistance and so on. A typical EL setup is shown in 

Figure 4.17.  
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In the work reported in this dissertation, EL and I-V measurements were used to 

study the electrical characteristics of some LEDs. The voltage source used was a Keithley 

power source and multimeter. The EL measurements were carried out by me. Prior to the 

measurements, the samples were fabricated into LED devices by Dr. Yusin Pak. Rapid ion 

etching (RIE) was used to expose the n-type layer for lateral samples, after which electron 

layer deposition (ELD) was used to deposit the metal contacts. 

 

Figure 4.17: Schematic of EL and I-V characteristics setup. 

4.3. Electron Microscopy 

Electron microscopy is a structural characterization technique that takes advantage 

of the various types of interactions between accelerated electrons and atomic nuclei to 

create images of the topography, morphology and/or elementary composition of any 

material being investigated.120, 121 When a stream of electrons is accelerated onto a 
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material, three broad types of interactions can occur, namely; absorption of the incident 

electron energy, reflection of the incident electron and transmission of the incident 

electron. From each of these interactions, several types of resultant phenomena 

(illustrated in Figure 4.18) from within the interaction volume of the material can then be 

detected using specialized detectors. Each of the electron microscopy technique used in 

the work reported in this dissertation took advantage of one of the resultant phenomena 

from these interactions. 

 

Figure 4.18: Electron beam interaction volume and resultant phenomena.122 

4.3.1. Scanning Electron Microscopy (SEM) 

In SEM, an electron gun fitted with a metallic filament is heated to high 

temperatures to emit thermionic electrons. The electrons are then accelerated to 
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energies ranging from 0.1 – 30 keV towards a sample as an electron beam (Figure 4.19). 

The focus of the electron beam is usually controlled by condenser lens which uses 

magnetic field to control the width of the electron beam. The width can usually be 

focused to less than 1nm due to the short wavelength of electrons (compared to 

photons), allowing for high resolution imaging. The position of the electron beam is 

controlled by beam deflecting coils that deflect the electrons in the x-y direction to scan 

across the surface of the sample.120 

 

Figure 4.19: Schematic of a scanning electron microscope120 

Two SEM characterization techniques were used in the work reported in this 

dissertation, namely secondary electron (SE) and cathodoluminescence (CL) 

hyperspectral imaging, both of which took advantage of the absorption of incident 

electron energy. 
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4.3.1.1. Secondary Electron Imaging 

In SE imaging, the incident electron beam is absorbed by the sample, and some of 

its energy ionizes atoms within the sample bulk and on its surface. However, due to the 

low kinetic energy of secondary electrons, only electrons close to the sample surface tend 

to escape, allowing the detection of surface features of sample. The intensity of the 

electrons leaving the surface of the sample is dependent on the curvature and height of 

features. Curved surfaces tend to be brighter than flat surfaces due to increased area of 

interaction with the beam spot, creating images with fantastic resolution of surface 

features.120 

 

Figure 4.20: (E-T) SE detector schematic.120 
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Secondary electrons are detected using an Everhert-Thornley (E – T) detector 

(Figure 4.20).120 These detectors are designed to trap secondary electrons and accelerate 

them towards a positively biased phosphor screen. The photons from the scintillator are 

then converted into electric signals and amplified for further digital processing.  

The SE microscope used in the work reported in this dissertation was the FEI Helios 

NanoLabTM DualBeamTM microscope. Typical accelerating voltage of the electron beam 

was ~3 kV. Prior to SEM imaging, all III-nitride samples were subjected to thin layer 

metallic coating by sputtering, due to their high lateral and cross-sectional resistivity. This 

made a ground contact that prevented electrostatic charging of the surfaces being 

imaged. SE imaging were, in part, carried out by me; and by our collaborators at 

Strathclyde University, Edinburgh. 

4.3.1.2. Cathodoluminescence 

CL is the detection of emitted photons due to excitation from the electron beam. In 

CL setup, the electron beam passes through a parabolic mirror (Figure 4.21) which guides 

the emitted photons towards a photodetector. If a spectrograph precedes the 

photodetector, then the emission spectrum of each scanned feature, along with its CL 

image can be retrieved. This is known as CL hyperspectral imaging.123 The microscope 

used for CL hyperspectral images in the work reported in this dissertation is the FEI quanta 

250 FEGSEM, fitted with a 400 l/mm grating blazed at 350 nm. CL hyperspectral imaging 

was carried by our collaborators at Strathclyde University, Edinburgh. 
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Figure 4.21: CL hyperspectral imaging schematic.124 

4.3.2. Transmission Electron Microscopy 

As the name implies, transmission electron microscopy is an atomic resolution 

imaging technique that works by detecting electrons transmitted through a sample. The 

operational principles are similar to SEM, except in TEM, the transmitted electrons are 

projected directly onto a scintillating screen, and then a CCD array camera records the 

image. 
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Figure 4.22: TEM schematic.121 

In TEM images, lighter atoms tend to be brighter than heavy atoms because they 

are less likely to interact with the transmitting electrons. Although, this is not necessarily 

true for scanning TEM (STEM) imaging.121 

In STEM imaging, rather than projecting the whole area through which the electron 

beam is transmitted on a scintillating screen, the electron beam is finely focused onto the 

sample, and then raster scanned across the sample surface. The transmitted electrons 

can then be collected on different types of detectors (Figure 4.23).125 The annular bright 

field (ABF) detector directly collects the transmitted electrons, thus creating an image 
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with notable contrast between light and heavy atoms, with lighter atoms producing 

brighter contrasts. The high angle annular dark field (HAADF) detector measures electrons 

that have been deflected at high angles by constituent atoms in the sample. Its main 

advantage over bright field detection is that it provides better interatomic contrast 

because it detects only electrons that have interacted with atomic nuclei.125 As large 

atoms are more likely to deflect electrons than small ones, they tend to be brighter in 

HAADF images.125 

STEM can also be complemented by other characterization techniques such as 

electron energy loss spectroscopy (EELS). EELS measures the energy loss of incident 

electrons. This value is then compared against the signature ionization energy values of 

individual elements. With this information, a sketch of the elemental composition of the 

material can be created.125 

In the work reported in this dissertation, STEM was mostly used to image cross-

sections of the semiconductor samples under investigation. This produced a rich 

assortment of information about the structural quality of the sample, nature of defects, 

properties of nano-features, elemental compositions and homogeneity of epilayers. FEI 

Titan and Themis Z microscopes were used in the work reported in this dissertation, 

depending on both the instrument availability and application. As such, detail of the 

particular microscope used will be revealed in the respective result sections. All 

measurements were carried out by members of the KAUST Core labs team. 
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Figure 4.23: STEM schematic. 

STEM measurements were preceded by extensive sample preparation procedures 

to thin down the samples to lamellas with thicknesses of a few tens of nanometers. This 

is necessary due to the exceptionally high absorption rate of electrons by solid samples. 

Focused ion beam (FIB) was the preferred method for thinning. FIB has the same working 

principle as SEM, with the exception of using metal ions as the charged particle source 

instead of electrons. The accelerated ions are able to effectively displace atoms from their 

positions in crystal structures while emitting secondary electrons and ions due to their 

greater mass compared to electrons. These secondary electrons are then imaged in a 

manner similar to SEM, enabling the lamella thinning process to be monitored in real 
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time. The TEM lamellas were partly prepared by me, my colleague, Mufasila and Nini Wei 

from the KAUST Core labs team. 

4.4. Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM)126 is an imaging technique that uses the 

interactions between the atoms at the tip of a nano-sized cantilever and those on the 

surface of a sample to create topographical information about the sample under 

investigation (Figure 4.24). 

 

Figure 4.24: AFM schematic. 

The probing tip of the cantilever, in proximity with the sample’s surface, raster scans 

the surface. The cantilever then deflects according to the features located on the surface 

of the sample. As the cantilever deflects, so too does the laser beam incident on the 
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cantilever. This causes the reflected beam to create an intensity profile that closely 

mimics the topographical features of the sample on a photodetector. 

In the work reported in this dissertation, the Agilent 5400 AFM microscope was 

used to create topographical images of the investigated samples. From this data, 

information about the surface roughness of some of the samples was retrieved. AFM 

imaging was carried out partly by me, and partly by my colleague, Mufasila. 
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Chapter 5. Generated Carrier Dynamics in V-pit Enhanced InGaN/GaN 

Blue Light Emitting Diode 

Blue LEDs based on III-nitride materials are distinguished by their structural and 

mechanical robustness and their inherently efficient radiative recombination rates.27, 127 

It has previously been demonstrated by various groups76, 128 that the spontaneous 

appearance of V-shaped defects tends to enhance the IQE of blue LEDs in particular. As 

such, researchers have understandably attempted to regulate the growth of these V-pits 

defects for optimal device performance. Since V-pits preferably grow as a self-screening 

mechanism of dislocation defects,129 it has successfully been shown that strained layer 

SLS can be used to regulate their growth.76-78 

While V-pits may successfully enhance the IQE of InGaN-based blue LEDs, the LEDs 

still suffer from other efficiency limiting factors, chief of which is the efficiency droop 

phenomenon which occurs at high carrier injection rates48-51, 54, 127, 130-132. According to 

the prevailing consensus, Auger recombination is the cause of the droop.48-50 However, 

some researchers have also attributed this droop to the presence of polarization fields in 

the active layers, which facilitate electron leakage into the p-GaN layer.51-53 In fact, it has 

been suggested that these effects might not be mutually exclusive.54 To mitigate the 

deleterious effects of the droop, researchers have experimented on several structural 

improvements. One of the most prominent efforts focused on the use of patterned 

sapphire substrates (PSS), which results in stress relaxation of the GaN epilayers and the 

reduction of TD density, leading to efficiency improvement.133-136 Other approaches 
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based on inclusion of p-AlGaN 32, 137 or p-InGaN/AlGaN 138 electron blocking layers (EBL) 

above the MQW LED structure were also found to enhance efficiency. Additionally, the 

incorporation of InGaN/GaN SLSs or low InN content layers, have been explored as a 

means to increase InGaN LED efficiency by suppressing built-in polarization fields in the 

MQW region.139-141 

In this chapter, the optical properties of a highly efficient LED structure with V-pits 

is discussed after which a link between V-pits and droop phenomenon is established by 

comparing its generated carrier dynamics with that of a conventionally grown InGaN LED. 

The work presented in this chapter is based on a previously published paper.115 

5.1. Experimental Details 

Two blue-emitting InxGa1-xN/GaN LED structures (nominal x ≈ 0.15) were prepared 

by MOCVD. The structurally enhanced LED sample (denoted as LED1) was grown on PSS 

(lens-shaped patterns of ~2 µm diameter) with a low InN content strain-relief layer and 

an EBL, whereas the LED2 sample was grown as a conventional LED structure on a planar 

sapphire substrate without a strain-relief layer or EBL. We used TMIn, TMGa, TMAl and 

NH3. Both LED structures consisted of a low-temperature GaN buffer layer overgrown on 

the substrates, followed by a nominally undoped GaN layer of 3 µm thickness. In the next 

step, a 3-µm thick n-GaN layer was grown, followed by an 8-period InGaN/GaN (3 nm/8 

nm) MQW active layer capped by a p-GaN layer. In LED1, a strain-relief layer was inserted 

between the n-GaN layer and the InGaN/GaN MQW active region. A p-AlGaN EBL was 
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sandwiched between the p-GaN layer and the MQWs of LED1. For I-V characterization, 

the LEDs were fabricated by inductively coupled plasma (ICP) etching to expose the n-GaN 

layer. Prior to ICP etching, a 500 nm SiO2 protective layer was grown on part of the p-GaN 

layer. This SiO2 layer was thenafter, etched away using buffered oxide etchant (BOE) to 

expose the p-GaN layer. Ni/Au (5/5 nm) current spreading layer was deposited on the p-

GaN layers, following which Au (150 nm) and Ti/Al/Ni/Au (10/100/30/100 nm) electrodes 

were subsequently deposited on the exposed p-GaN and n-GaN layers, respectively. A 

Keithley DC power supply was used as the voltage source for IV measurements and ReRa 

solutions Tracer IV-curve software was used for data acquisition.  

The LED samples were prepared for HAADF-STEM imaging using an FEI Quanta 3D 

FIB-SEM. HAADF-STEM images were acquired using a Cs-Probe Corrected FEI Titan, 

operated at an acceleration voltage of 300 kV. We estimated the V-pit density after 

etching the p-layer and EBL by FIB-SEM. CL hyperspectral mapping was acquired at room 

temperature (RT) using an FEI Sirion 200 FEGSEM attached to monochromator with 400 

l/mm grating.123 The electron beam energy was fixed at 10 keV for CL mapping. For power-

dependent RT-PL measurements, the second harmonic line (400 nm) of an ultrafast (150 

fs) Ti:Sapphire laser with a pulse frequency of 76 MHz was used. For RT temporally 

resolved PL (RT-TRPL) measurements, an APE GmbH pulse picker was used to reduce the 

pulse frequency to 1 MHz. The diameter of the incident beam was ~ 60 µm. A charge-

coupled device camera attached to a Hamamatsu single-sweep streak camera was used 
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to acquire both the temporal and time integrated responses. The samples were mounted 

in a closed-cycle helium cryostat for low temperature (5K) measurements. 

5.2. Results and Discussion 

5.2.1. Cross-sectional Profile of LEDs by STEM Imaging 

Figure 5.1(a) shows the cross-sectional STEM images of the LED1. We observe a TD 

defect (circled area) emerge from the center of the V-pit defect into the p-GaN layer of 

the sample. The facets of the V-pit walls are separated by an angle of ≈ 63, which 

coincides with the angle separating the {101̅1} group of planes of hexagonal InGaN 

structures.142, 143 The STEM image shows that the V-pit walls are characterized by 

quantum well and barrier thinning, as has previously been observed.77, 78 

 

Figure 5.1:(a) Cross-sectional STEM image of LED1’s V-pits with MQW thinning on the {101 ̅1} facets. (b) 
Cross-sectional STEM image showing LED2 MQWs with TD defects. 
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It is well-known that different planer facets of III-nitride-based crystal lattices have 

different surface energies,144, 145 which can lead to strong dependence of adatom kinetics 

on the crystal plane orientation.146 Indeed, it was shown by Hangleiter, et al. 76 that the 

growth rate of In along the semi polar plane is slow, which would explain the MQW 

thinning. V-pits are not observed in LED2, as shown in Figure 5.1(b), where TDs can be 

seen cleaving through its MQWs. 

5.2.2. V-pit Characterization by SE and CL Imaging and Analyses 

To estimate the density of V-pits, focused ion beam was used to etch off the p-

AlGaN and p-GaN electron blocking and contact layers, respectively, on four different 10 

by 10 µm areas (P1 – P4) on LED1 (Figure 5.2). SE images reveal that the average V-pit 

density is ≈ 1.5 × 108 cm-2 as shown in Table 5.1. This value is closely matched by the less 

precise CL count  from Figure 5.3 (≈ 1.1 × 108 cm-2) 

SEM Count: 10 µm by 10 µm V-pit number V-pits density (cm-2) 

P1 160 1.6E+08 

P2 135 1.35E+08 

P3 158 1.58E+08 

P4 162 1.62E+08 

SEM Average 153.75 1.54E+08 

CL count: 10 µm by 10 µm 110 1.1E+08 

Table 5.1: SEM V-pit counts. 



109 
 

 

Figure 5.2: Exposed V-pits after FIB etching with counting mask (red dots) on the surface. 

 

Figure 5.3:V-pits from CL hyperspectral imaging. 
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To study the effect of the V-pits, the mean CL energy spectrum of LED1 is plotted in 

Figure 5.4(a), which shows a main energy peak centered at ~2.71 eV. The CL intensity 

maps corresponding to the color shaded energy regions are shown alongside the 

spectrum. The low energy InGaN shoulder, located in the 2.35–2.70 eV range, 

corresponds to the brighter areas on the CL map in Figure 5.4(b), while the dark spots are 

signatures of the V-pits. The shoulder can be due to InN-rich fluctuations inside the 

MQWs. The bright regions shown in Figure 5.2(c) correspond to the MQW emission in the 

2.75–2.90 eV range. In the same figure, the V-pit spots become smaller due to reduced 

InN content in the areas in the immediate vicinity of V-pits. The high energy shoulder 

located between 3.05 and 3.25 eV represents the emission from the V-pits (bright spots 

in the CL map of Figure 5.4(d)). Figure 5.4(e) shows the CL map related to emission near 

the GaN bandedge (located at 3.35–3.50 eV), indicating that the V-pits become sparse, 

suggesting that p-GaN, the V-pit walls and the preceding GaN layers may have contributed 

to this peak. 
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Figure 5.4: Mean CL emission spectrum of LED1 generated from a 10 µm × 10 µm area hyperspectral map 
with (b), (c), (d) and (e) CL intensity maps corresponding to the color shaded regions marked on the 

spectrum. 
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Figure 5.5: (a) and (b) RT-CL intensity maps of the two LEDs, (c) and(d) CL Spectra of the annotated regions 
on the micrographs, (e) and (f) Correlation of centroid energy (between 2.4 – 3.2 eV) vs intensity (for LED1 

and LED2, respectively). 

In Figure 5.5(a) and (b), we compare the hyperspectral CL intensity maps of LED1 

and LED2, respectively, integrated over the 2.4–2.9 eV energy range. Unlike in LED1, we 

find no evidence of V-pits in LED2 and large sections of low CL intensity are shown (Figure 

5.5(b)) overshadowing patches of high intensity regions. Figure 5.5(c) and (d) show the 

corresponding CL spectra of the regions annotated as A and B, in the CL maps (Figure 5.5 

(a) and (b), respectively). A high energy shoulder peak at ≈3.03 eV that is related to well-

barrier thinning in the V-pits (Figure 5.4(d)) of LED1 is absent from the LED2 emission 

spectrum and no significant spectral distinctions exist between the dark and bright 
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regions due to the absence of such V-pits. Figure 5.5(e) and (f) show the correlations 

between the LED centroid energy and the CL intensity (integrated over the 2.4–3.2 eV 

range). Figure 5.5(e) indicates a clear inverse correlation between the peak energy and CL 

intensity in LED1. This correlation implies that the V-pits, corresponding to the high 

energy shoulder in Figure 5.5(c), act as dislocation terminals. The walls of V-pits are known 

to act as TD passivating barriers, due to thinner MQW walls on the facets of the pits.76, 140, 

147 Additionally, the regions with lower peak energy also show higher intensity relative to 

the high energy shoulder, suggesting a higher efficiency of radiative recombination 

processes within InN-rich potentials in the MQWs. In contrast, Figure 5.5(f) shows a 

positive correlation between mean peak energy and CL intensity in LED2, implying that CL 

quenching occurs around InN-rich sites. This finding indicates that, in the absence of TD 

passivating V-pits, InN tends to accumulate near TD sites.148, 149 

5.2.3. Recombination Efficiency and Droop Profiling 

Here, we investigate the radiative recombination efficiency of the carriers and the 

nature of the droop in the enhanced LED (LED1) as compared to the conventional one 

(LED2), by conducting power-dependent PL measurements at RT and interpreting the 

results using the SRH model.150, 151 Using this method, we proceed from the experimental 

determination of the carrier generation rate, G(cm-3s-1), which can then be estimated 

from the average excitation power value (Pav) as follows: 

𝐺(𝑃) =
𝑃𝑎𝑣×𝜏𝐷×𝛼×(1−𝑅)

𝜏𝑊×𝐴×ℎ𝜐×𝑞
      5.1 
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where α is the absorption coefficient of InGaN, linearly extrapolated from the values for 

InN and GaN as per the steps laid out by Dai, et al. 151, R is the reflectivity of the GaN 

surface at 3.1 eV (10%),89 τD is the pulse duration, τW is the pulse width, A denotes the 

area of the incident excitation beam, hν is the laser photon energy, and q represents the 

elementary charge. Also, following Equation 2.1, we can state that the observed 

integrated luminescence intensity at RT, I(P), of the samples is represented by the 

following equation: 

𝐼(𝑃) = 𝑘𝐵Δ𝑛2(𝑃)      5.2 

where 𝑘 is a constant related to the product of the spectrograph’s collection efficiency 

and light extraction efficiency of the LEDs. If we recall from Equation 2.3, 𝐺(𝑃) =

𝐴∆𝑛(𝑃) + 𝐵∆𝑛2(𝑃) + 𝐶∆𝑛3(𝑃). Since 𝐺(𝑃) can be experimentally fixed, we can limit it 

to low carrier generation rates (𝐺(𝑃) <  1031 cm−3s−1)152 to sidestep the complications 

of the cubic Auger term. Equation 2.3 then reduces to: 

𝐺(𝑃) = 𝐴∆𝑛(𝑃) + 𝐵∆𝑛2(𝑃)       5.3 

Now, substituting Equation 5.2 into Equation 5.3, we get: 

𝐺(𝑃) = 𝐷1√𝐼𝑃𝐿(𝑃) + 𝐷2𝐼𝑃𝐿(𝑃)      5.4 

where 𝐷1 =
𝐴
√𝑘𝐵
⁄  and 𝐷2 =

1
𝑘⁄  

 



115 
 

We can then fit Equation 5.4 on a plot of 𝐺(𝑃) vs 𝐼𝑃𝐿(𝑃) as shown in Figure 5.6, 

where 𝐷1 and 𝐷2 are treated as fitting parameters. 

 

Figure 5.6: Carrier generation rate vs intensity plot (black squares) of both LEDs along with the best fit (red 
line) parameters using Equation 5.4. 

Now, we can derive the radiative rates as: 

𝐵Δ𝑛2(𝑃) = 𝐷2 × 𝐼𝑃𝐿       5.5 

Then, substituting Equation 5.5 into the IQE equation (Equation 2.4), the LED IQE, ηIQE(P), 

can be determined by the ratio: 

𝜂𝐼𝑄𝐸(𝑃) =
𝐵Δ𝑛2

𝐺(𝑃)
=
𝐷2×𝐼𝑃𝐿(𝑃)

 𝐺(𝑃)
      5.6 

Figure 5.7(a) shows the carrier generation rate, G, dependence (in log scale) of IQE 

for both LEDs, excited by 400 nm (below the GaN bandgap energy). 
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Figure 5.7: Carrier generation rate dependence of (a) IQE (inset: IQE vs excitation power intensity (linear-
scale)) and (b) peak energies (inset: FWHM vs G). PL spectra of (c) LED1 and (d) LED2 at high and low G. 

To interpret the IQE behavior of both LEDs, we define three prominent regions of 

interest (annotated as RI, RII and RIII). Region RI follows the linear dependence of the SRH 

recombination (non-radiative) rate (An) with G. In the range of this measurement, the RI 

region is observed in LED2 for 4.51027 < G < 8.61028 cm-3s-1, whereas this region is not 

observed in the structurally enhanced LED1. Since ηIQE(P) is a function of radiative 

recombination (Equation 5.6), a slight increase in ηIQE(P) of LED2 occurs because the main 

LED2 peak significantly overlaps with the defect band, which increases linearly with G at 

low carrier density (Figure 5.7(d)). Such overlap is not observed at either low or high 
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carrier densities in LED1 (Figure 5.7(c)). In the region denoted as RII (4.51027 < G < 

6.71029 cm-3s-1 for LED1 and 1.01029 < G < 6.11030 cm-3s-1 for LED2), ηIQE(P) of both 

LEDs increases rapidly until it reaches a maximum value. This region seems more 

consistent with the radiative term (BΔn2) in Equation 2.1. The maximum IQE for LED1 is > 

80%, as compared to the 46% obtained for LED2. In the region denoted as RIII, there is a 

saturation in radiative efficiency and the droop effect occurs, where the IQE of both LEDs 

starts to decline, albeit at different G values. The droop effect commences at around G ≈ 

2.31030 cm-3s-1 for LED1, and at G ≈ 9.01030 cm-3s-1 for LED2, consistent with the 

previously reported value of ~3.71031 cm-3s-1.152 The commencement of the droop effect 

at lower generated carrier density in LED1 is most likely due to the reduction in the 

effective volume of the MQWs, as a result of the high density of V-pit defects. The internal 

quantum efficiency, ηIQE(P), eventually declined to 48% and 30% at G ≈ 5.31031 cm-3s-1 

for LED1 and LED2, respectively. Furthermore, the inset of Figure 5.7(a) shows that the 

efficiency droop characteristics of the two LEDs behave differently as the excitation 

power intensity increases. The droop regime of LED2 follows a convex curve trend, likely 

attributed to the dominant effect of defect-related non-radiative recombination through 

the SRH process.153 On the other hand, the corresponding results of LED1 follows a 

concave IQE curve, indicating that the droop could be due to the carrier overflow 

mechanism. When the effect of SRH recombination is significantly diminished, carrier 

overflow becomes the dominant source of efficiency droop.153  
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To further explain the droop behavior, we investigate the dependence of the peak 

energy of both LEDs on G (Figure 5.7(b)). We observe a clear blue-shift of ~80 meV in LED1 

as the excitation power increases. However, the peak position of LED2 remains initially 

unchanged, before slightly blue-shifting by 10 meV at G ≈ 6.71029 cm-3s-1. To understand 

these distinct behaviors, the full width at half maximum (FWHM) values of the emission 

peaks of both LEDs are plotted as a function of G (Figure 5.7(b), inset). For LED1, the peak 

FWHM decreases slightly (by 5 meV) as G increases from 4.51027 to 3.71028 cm-3s-1, 

before broadening by 30 meV to 155 meV at higher G values, followed by an invariant 

response to generated carriers, starting from G ≈ 5.21030 cm-3s-1. For LED2, the FWHM 

initially decreases significantly (by 55 meV, from 165 meV to 110 meV for 4.51027 < G < 

1.01029 cm-3s-1), before broadening by 43 meV as G increases. The FWHM narrows as 

the carrier density increases due to the screening of strain-induced electric field (i.e., 

QCSE) by the increasing carrier population. However, FWHM broadening accompanied by 

blue-shifting of the peak energy as carrier density increases is caused by carrier overflow 

from deeply localized InN-rich states to shallower states and other higher energy states. 

By this point, the QCSE is fully suppressed by the high carrier density.154 Thus, the QCSE 

effect is not significant in LED1 and is overcome at low G value (1028 cm-3s-1). 

Consequently, its droop dynamics are governed by the overflow effect. It is therefore 

proposed that, beyond the QCSE screening limit, the observed peak blue-shift in LED1 can 

be attributed to the carrier saturation of strong localization centers (due to indium 

segregation) and subsequent occupation of weak states inside the well,155 followed by 

carrier occupation of states inside the V-pits. Given that the droop effect of LED1 is barely 
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affected by piezoelectric polarization, carrier overflow around the V-pits is suggested as 

the mechanism behind the characteristic concave droop behavior observed in LED1.54, 153 

This mechanism is illustrated in Figure 5.8 and this assertion is supported by the fact that 

the droop effect commences at the same G value (≈ 1030 cm-3s-1) that the FWHM became 

constant. It is also plausible to assume that excess carriers may overflow into the p-GaN 

region as well.153 However, this effect should not be significant, since the excitation 

photon energy (3.1 eV) is markedly below the AlGaN EBL bandgap. 

 

Figure 5.8: The carrier dynamic and droop mechanism of LED1 as G increases. 

For LED2, the limited dependence of the peak energy on carrier generation rate 

and the initial narrowing of its FWHM (Figure 5.7(b)) indicate that the carriers are already 

weakly confined, leaving excess carriers to contend with a nontrivial contribution from 



120 
 

QCSE and the defect states of LED2. The FWHM of LED2 initially plateaus before starting 

to increase at high G (> 1029 cm-3s-1) values, indicating that the full screening of the QCSE 

in LED2 occurs at an additional order of magnitude higher than LED1’s, causing a slight 

blue-shift at G ≈ 6.7 × 1029 cm-3s-1. Thus, LED2’s droop effect may have been affected by 

the continuous evolution of the electron-hole overlap ratio due to the dependence of its 

polarization field on injected carrier density.54 

5.2.4. EL and I-V Characteristics of the LEDs 

The I-V characteristics of the LEDs is plotted in Figure 5.9(a). We observe that both 

LEDs have a turn on voltage of about 2.2 V. LED1 however, exhibits a higher series 

resistance than LED2, probably due to the additional resistive p-AlGaN EBL.137 In the inset 

of Figure 5.9(a), we observe that the turn on voltage of LED2 has a less abrupt inflection 

point than that of LED1, indicating that LED2 has a higher shunt resistance than LED1. 

Shunt resistance is indicative of damaged regions or surface imperfections32 which may 

result from dislocation defects.156 
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Figure 5.9: (a) I-V characteristics of LED1 and LED2. Inset shows the reverse bias region of the devices. (b) 
current-dependent EL IQE of LED1 and LED2. 

Current-dependent EL IQE of both LEDs are based on the SRH method, are shown 

in Figure 5.9(b), and we found that the maximum IQE for LED1 is 86%, whereas that of 

LED2 was 45%. The results are in agreement with previously discussed PL IQE 

measurements, where the IQE values were 80% and 46%, respectively. That said, the 

droop behaviors are not exactly identical because significant differences may exist 

between the PL and EL characteristics of LED structures due to differences in carrier 

generation and transport mechanisms,157, 158  spatial carrier distribution,159 and QCSE.160 

5.2.5. PL Carrier Lifetime Analyses 

Power-dependent TRPL was carried out to confirm the contribution of radiative and 

non-radiative recombination in LED1 compared to LED2. Figure 5.10(a) and (b) show the 

power-dependent TRPL lifetimes of LED1 and LED2 taken at 5K, respectively. LED1 

exhibits a non-exponential carrier lifetime decay (a similar behavior is observed at 290 K), 
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suggesting the presence of multi-state recombination paths that can be approximated by 

the bi-exponential equation:161 

𝐼𝑛𝑡(𝑡) = 𝐴𝑓𝑒
−𝑡 𝜏𝑓⁄ + 𝐴𝑠𝑒

−𝑡 𝜏𝑠⁄       5.7 

where Af and As are, respectively, the fast and slow peak intensities at time t = 0, while τf 

and s denote the decay lifetimes of the fast and slow decay components. However, LED2 

exhibits a single exponential decay, suggesting that the excess carrier recombination 

paths in the two LEDs are different. 

 

 

Figure 5.10:TRPL temporal response at different excitation powers (~0.044– 0.76 MW/cm2) of (a) LED1 and 
(b) LED2 
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Figure 5.11:PL lifetimes of (a) LED1, and (b) LED2 as a function of G at 5K (black squares) and 290K (red 
circles). Insets are the radiative (blue squares) and non-radiative (magenta circles) lifetimes with respect to 

G at 290K. 

Figure 5.11 shows the PL decay lifetimes as a function of G at both 5 K and 290 K for 

LED1 and LED2, respectively. At 5 K, the PL lifetime of the LED1 peak declines from 96 ns 

to 47 ns for 61027 < G < 2.71028 cm-3s-1. After that point, it remains constant (Figure 

5.11(a)). This inverse proportionality of radiative carrier lifetime to excitation carrier 

density implies that defect-related non-radiative recombination plays a negligible role at 

5 K 29, 32. However, at 290 K the PL lifetime increases with G until 4.21028 cm-3s-1, which 

is due to the increase in non-radiative lifetime of LED1, as shown by the radiative and non-

radiative lifetime in the inset of Figure 5.11(a). This behavior is followed by a subsequent 

reduction in the PL lifetime when radiative recombination starts to dominate the 

recombination process due to the saturation of non-radiative defect sites.162 This 

behavior confirms that the non-radiative recombination processes become influential at 

high temperatures only, when thermal activation contributes to the deconfinement of 

previously confined carriers. Nonetheless, this effect occurs at low G values only (G < 1029 
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cm-3s-1, IQE << 50%). For LED2, Figure 5.11(b) shows that the PL lifetime increases initially 

at 5 K (from 12 ns to 14 ns in the 6.01027 < G < 1.81028 cm-3s-1 range) before decreasing 

as G increases, whereas at 290 K, its PL lifetime increases monotonously with G. There is 

a striking similarity between LED2’s behavior at 5 K and that of LED1 at 290 K. Therefore, 

we posit that, at low excitation intensities, defect-related non-radiative recombination 

plays a prominent role in the recombination processes of LED2 at 5K. At RT, non-radiative 

processes dominate recombination rates beyond G = 1029 cm-3s-1 (inset of Figure 5.11 (b)). 

These results confirm that the role of defect-related recombination was far less significant 

in LED1 than in LED2. 

5.3. Chapter Conclusion 

In summary, it has been confirmed in this work that the V-pits act as TD passivating 

barriers at low carrier densities, thereby permitting efficient radiative recombination in 

the wells. However, as the carrier density increases, the reduced effective volume of the 

MQWs allows for an early onset of droop phenomenon in the device. We further show 

that the droop effect is mainly driven by carrier overflow rather than piezoelectric 

polarization or SRH defects in the V-pit enhanced LED. Lifetime measurements show that 

the improved efficiency of the carrier recombination processes in the structurally 

enhanced LED was significantly aided by the presence of V-pits, leading to dominant 

radiative recombination process at RT. 
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Chapter 6. AlN-Rich AlxGa1‐xN/AlyGa1‐yN Multi-Quantum-Well 

Structure and Grain Boundaries 

Unlike InGaN, AlGaN-based MQW LEDs have yet to attain largescale adoption 

because they still suffer from innumerable efficiency challenges, chief of which comes 

from structural defects. One such structural defect is the formation of surface granular 

features, which has been discussed in previous literature.163, 164 Owing to the small 

disparity in the interatomic spacings of Al and Ga in AlGaN alloys, there is a general 

expectation that they should not exhibit the immiscibility characteristics endemic to 

InGaN-based materials.95, 160 As such, compositional inhomogeneities resulting from slow 

lateral migration of Al adatoms has been blamed for the emergence of these granular 

defects.85, 86, 165 

In this chapter, four AlGaN/AlGaN MQW structures with grain boundary defects are 

studied. The MQW structures have varying AlN mole fractions; and with this, the role of 

Al adatoms in the characteristics of the grain boundary defects is investigated, along with 

the effects of these grain boundaries on the optical properties of AlGaN MQWs. 

The work presented in this chapter is adapted from a previously published paper.166 

6.1. Experimental Details 

The AlxGa1‐xN/AlyGa1‐yN MQW samples were grown on (0001) sapphire (Al2O3) 

substrates by MOCVD. TMGa, TMAl and NH3 were used as gallium, aluminum and 

nitrogen precursors, respectively. A thin AlN buffer layer was deposited onto the 
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substrate, at 575°C during growth. Then, the temperature was increased to 1200°C to 

grow a 2.5 µm thick AlN template. The growth pressure remained at 50 Torr. 

Subsequently, an AlGaN layer of similar thickness was grown over the AlN template, 

following which, a five-period AlxGa1-xN/Al0.73Ga0.27N MQW was grown. The quantum 

barriers had a fixed nominal AlN molar fraction of 0.73, while the nominal molar fractions 

of AlN content in the MQWs of the four samples (A, B, C, D) varied from 65% to 35% in 

10% decrements, as shown in Table 6.1. The widths of the quantum barrier and QW were 

estimated by STEM. In the STEM measurements, the samples were first prepared using 

an FEI Helios 400S dual beam FIB system and were subsequently characterized using an 

FEI TITAN microscope. AFM was employed to analyze the topographical structures of the 

samples on an Agilent Technologies 5400 scanning probe microscope operated in the 

tapping mode. All PL measurements were excited using a frequency doubled Ar+ laser 

operating at 244 nm wavelength, with a beam power of 11 mW. The samples were 

mounted in a closed-cycle He cryostat system for low-temperature PL measurement (5K). 

An Andor spectrograph with a UV-visible CCD camera was used to detect and analyze the 

PL spectra. To investigate luminescence properties across the samples, CL hyperspectral 

imaging was carried out simultaneously with SE imaging at RT using an FEI Quanta 250 

environmental FEGSEM. The electron beam energy was fixed at 5 keV, with an acquisition 

time of 40 ms per pixel, and ~0.1 Torr of water vapor pressure was introduced into the 

chamber to prevent sample charging. 
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Sample AlN composition (x)  

(%) 

Average grain diameter 

estimated by AFM  

(µm) 

5K bandedge peak  

(eV)  

A 65 ~ 2.48 4.84 

B 55 ~ 2.63 4.73 

C 45 ~ 2.50 4.49 

D 35 ~ 3.42 4.46 

Table 6.1: The AlN composition in AlxGa1‐xN/Al0.73Ga0.27N MQW samples, average grain diameter, 
bandedge emission and the activation energy 

6.2. Results and Discussion 

6.2.1. Structural Analyses 

Cross-sectional STEM micrographs of the AlxGa1-xN/Al0.73Ga0.27N MQW (sample A, C 

and D) are shown in Figure 6.1(a – f). The size of the QWs are well defined, as evident in 

the distinct contrast between the QW and QB in Figure 6.1(a-c). The thickness of QWs 

ranges from ~ 2.5 nm to 4.3 nm, whereas the barriers are ~ 11 nm to 26.3 nm thick. 
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Figure 6.1: (a-c) Cross-sectional STEM micrographs of AlGaN/AlGaN MQW for sample A, Sample C and 
Sample D, respectively. (d-f) Zoomed out image of sample A, Sample C and Sample D. (g-i) AFM false 

colored images of samples. Inset: 3D view of the same 20 µm ×20 µm area for sample A: x = 65%; sample 
C: x = 45%; and sample D: x = 35%. 

In the zoomed-out STEM images shown in Figure 6.1(d-f), we observe TD bending 

from the [0001] vector, towards the c-plane, after which many annihilate, reducing the 

dislocation density in the MQW layers. The AFM surface scans of samples A, C and D are 

shown in Figure 6.1(g–i), respectively. The AFM surface morphology reveals grains with 

pyramidal structures for all samples. This morphology may have been influenced by the 

fact that Al-species have relatively low lateral surface mobility compared to Ga adatoms. 
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Additionally, the relation between threading dislocations (TD) annihilation and the 

formation of granular morphology has already been discussed by Lee et al.87 In III-nitride 

alloys, the reduction of the metal/nitrogen ratio during growth (under nitrogen-rich 

conditions) was found to progressively roughen the surface morphology of the material, 

which leads to clear granular morphology and enhances interactions between TDs. The 

roughened surface modulates the stress fields of TDs, whereby they cluster towards the 

valleys of the grains. This can also increase the probability of TD annihilation due to the 

intersections of these dislocations with their opposite Burgers vector equivalents.87 Keller 

et al.163 highlighted a similar outcome in AlGaN/GaN epilayers. 

AFM scans (Figure 6.1(g-i)) show that as the AlN mole fraction decreases, the 

average height of the grains decreases (from ~13 to 8 nm), while the average diameter of 

the grains increases. Figure 6.1(g) shows that the grains in sample A (average diameter ~ 

2.48 µm) are more spatially isolated than those of the other samples. In Figure 6.1(i), the 

grains in sample D (average diameter ~ 3.45 µm) are broad tipped, in contrast to sample 

A. The grains of sample C (Figure 6.1(h)) are well defined in comparison to those in other 

samples and have an average diameter of ~ 2.50 µm. Sample C exhibits a smaller root 

mean square (RMS) surface roughness (2.82 nm) than that observed in the RMS in 

samples A and D (4.28 nm and 3.47nm, respectively); this is likely due to the smaller 

spatial dispersion between the grains in sample C compared to sample A and D. 
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6.2.2. Temperature-Dependent PL Analyses 

Figure 6.2 shows the low-temperature PL spectra (5K) of all samples. The NBE 

emission peaks of these samples are centered at 4.84 eV, 4.73 eV, 4.49 eV and 4.46 eV, 

for the nominal AlN well compositions of 65%, 55%, 45% and 35%, respectively. 

Additionally, low-energy shoulders are observed in all samples, which are attributed to 

longitudinal optical (LO) phonon replicas (1LO and 2LO) of the NBE peaks.167 As shown in 

Figure 6.2 (inset), multiple Gauss fittings were used to resolve the respective peaks for 

sample D. Thus, apart from the main peak (4.46 eV), two other peaks (4.37 eV and 4.27 

eV) could be resolved. This is equivalent to peak energy separation of ~100 meV, matching 

the LO phonon energy of AlGaN.168 

 

Figure 6.2: The normalized PL spectra of the four samples at 5K. Inset: Gauss components (dashed lines) of 
the main exciton emission and LO phonon peaks of the NBE peak (solid line) of sample D. 

The PL temperature dependence of the samples show a slight ‘dimple-shaped’ 

curve for all samples, as shown in Figure 6.3. Two distinct regions are observed as the 
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temperature increases for all samples. An accelerated redshift is evident at temperatures 

below 150 K, with a subsequent decelerated redshift in the case of samples A, B and C. 

 

Figure 6.3: Temperature dependence of the peak energy. Black spheres represent experimental data of 
Sample A (x = 0.65), Sample B (x = 0.55), Sample C (x = 0.45) and Sample D (x = 0.35); red lines represent 

Varshni fit. 
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This peak energy feature is a departure from the commonly observed ‘s-shape’ of 

NBE temperature dependence of typical MQW behavior reported in the literature169-171 

(i.e. redshift-blueshift-accelerated redshift). The initial redshift corresponds to the 

characteristic temperature dependence of the bandgap, as modelled by Varshni’s 

equation:172 

𝐸𝑔(𝑇) = 𝐸𝑔0 −
𝛼𝑇2

𝛽+𝑇
       6.1 

where 𝐸𝑔0 is the bandgap energy at 𝑇 = 0; and 𝛼 and 𝛽 are material specific parameters 

that depend on alloy composition. They were chosen to closely match the empirical 

values determined by Nepal, et al. 173 On the other hand, the departure from Varshni’s 

bandgap shrinkage model at temperatures higher than 150K is most likely a result of 

thermally induced carrier population of the band-tail states inside the grains.174 In 

addition, sample D, with lowest AlN composition shows an initial redshift followed by a 

final blueshift. This behavior has been reported in PbS quantum dot (QD) systems and in 

self-organized InGaN QDs, where it was attributed to thermally induced carrier trapping 

in shallow states.175-177 However, as the size of the grains are in the range of a few 

microns, it is not conceivable that carriers can be spatially trapped within them. As such, 

this blueshift may simply have resulted because low energy states of the grain boundaries 

are more prone to thermal quenching than the high energy band-tail states inside the 

grains. Now, the larger grains of this sample imply a higher density of such tail states. 

Potential fluctuation in AlGaN materials is found to occur due to grain boundaries, non-

uniform stress distribution and compositional inhomogenieties.178 The final decelerated 
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redshift is subtle in sample C (x = 0.45). This indicates that the low energy states in sample 

C do not experience as much thermal quenching as the others. This observation coincides 

with the lower roughness of this sample, which was previously discussed in the AFM 

results. 

 

Figure 6.4: Plots of normalised intensity versus inverse temperature for all samples. Black squares are 
experimental data and red solid lines are Arrhenius fittings. 

 Figure 6.4 shows the plots of normalized intensity in relation to the inverse 

temperature for the samples under investigation. The Arrhenius line was fitted with the 

Arrhenius equation: 
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    𝐼𝑇 =
𝐼5𝐾

1+𝐴𝑒
−
𝐸𝑎
𝑘𝑏𝑇

       6.2 

where IT is the intensity at a given temperature, I5K is the intensity at 5 K (assumed to be 

the maximum intensity), A is the process rate parameter, Ea is the activation energy 

derived from the temperature dependence of integrated PL intensities, kb is Boltzmann 

constant and T is the temperature. The reduction in the peak intensity is attributed to the 

increase in non-radiative recombination of carriers due to thermal quenching.179 

 

Figure 6.5: Activation energy vs AlN composition 

As shown in Figure 6.5, Ea energy also increases as the AlN composition increases in 

the MQW (Ea  16 meV, 16 meV, 18 meV and 25 meV, for samples D, C, B and A, 

respectively). This trend is expected because the increase in Ea should reflect an increase 

in trapping sites near the grain boundaries as AlN composition increases.174, 180 This is in 
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line with the AFM results that show an increase in the density of grain boundaries with 

increasing AlN concentration. Although the thermal response of carrier lifetime generally 

gives a more accurate estimation of Ea when the radiative lifetimes of the carriers are 

temperature-dependent,181 the increase in Ea derived from integrated PL intensity with 

AlN composition has been also reported in extant literature, and was linked to an increase 

in trapped states.174, 180 

6.2.3. SEM Analyses 

 

Figure 6.6: (a-c) CL NBE energy maps of sample A (x = 0.65), sample C (x = 0.45); and sample D (x = 0.35), 
respectively, extracted by Gauss fitting RT CL spectra. (a-c Inset): SE images of corresponding areas (d-f) 

The CL FWHM map of sample A, sample C and sample D; (g-i) The CL peak intensity map in the same order. 
All images cover and area that is 10 µm × 10 µm; (j-l) Correlation images of NBE energy as function of 

FWHM for sample A with Pearson’s correlation coefficient (p = 0.04), sample C with (p = - 0.34) and sample 
D with (p = -0.21). 
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In order to confirm the effects of the grain boundary defects, we carried out RT SE 

and CL hyperspectral imaging. Acquiring a CL spectrum at each point in a scan and peak 

fitting to the resultant data allows mapping of spectral parameters, such as peak 

wavelength, width and emission intensity.182 The CL NBE energy maps (Figure 6.6(a-c) for 

sample A, C and D, respectively) show that the grain sizes decrease as the AlN molar 

fraction of the MQW increases. However, SE images (insets of Figure 6.6(a-c)) taken at 

the same area as the CL maps do not show the grain boundaries. The average grain 

diameters were 1.01 µm, 1.53 µm and 1.72 µm, for samples A, C and D, respectively, 

which is consistent with the AFM micrographs. Figure 6.6(d-f) show the CL intensity maps 

for the same areas. The images reveal that the intensity across each sample is uniform for 

these Al-rich AlGaN MQW. This indicates that the grain boundaries have no noticeable 

effect on the NBE intensity. The FWHM maps at the same area were also acquired, shown 

in Figure 6.6(g-i). The FWHM distinguish the grains from their boundaries, especially in 

the case of samples C and D, where the grain/boundary features are most prominent. The 

FWHM of the NBE peaks are broader near the grain boundaries than inside the grains. 

Figure 6.6(j-l) show the correlation between NBE energy map and FWHM map. The FWHM 

increases as NBE decreases for sample C and D (Figure 6.6(b-c)) with Pearson’s correlation 

coefficients (p) of -0.34 and -0.21 respectively. On the other hand, as sample A has less 

defined boundaries, no correlation was observed. Pinos et al.183 highlighted a similar 

observation in AlGaN films, and attributed the broader peaks at the boundaries to the 

more pronounced potential fluctuations around the grain boundaries relative to inside 

the grains. This phenomenon may be due to the higher concentration of different types 
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of defects with non-uniform distribution near the boundaries, which causes 

inhomogeneous broadening.184 

It is interesting that the grain boundaries are defined, not by variation in intensity, 

but by variation in energy. This obervation lays credence to the claim that slow lateral 

growth of Al adatoms is mainly to blame for the emergence of these granular features. 

 

Figure 6.7: Correlation between the average NBE energy and the grain area. The discrete points 
correspond to the experimental data for sample A (top), sample C (middle) and Sample D (bottom), with 

the lines produced by the linear fitting; 

Figure 6.7 correlates the various grain sizes in each sample with their average 

luminescence peak center energies for different grains to establish a qualitative 

relationship between the grain sizes and the shift of the NBE energy of the AlxGa1-

xN/AlyGa1-yN MQW. In all three samples, the linear fit demonstrates a correlation between 
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grain sizes and the position of the average NBE peak energies. This result makes a direct 

link between the lateral AlN concentration and grain size. In turn, the grain sizes modulate 

the NBE energy of the samples. 

6.3. Chapter Conclusion 

In conclusion, it has been shown that increasing the AlN concentration does 

increase grain bouGndary defects. At high temperatures (> 150 K), high energy band-tail 

states inside the grains play a dominant role in the carrier recombination processes of the 

materials, due to the proneness to thermal quenching, of the states in the grain 

boundaries. The CL maps revealed a blueshift of the NBE energy inside the grain, which 

increases as the grain size decreases, confirming that slow lateral growth of Al adatoms is 

responsible for the formation of such grains. 
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Chapter 7. Optical and Structural Characterization of GaN/AlGaN 

MQWs Grown on Transparent and Conductive (�̅�𝟎𝟏) − Oriented β-Ga2O3 

Substrate 

(2̅01)-oriented β-Ga2O3 has recently gained attention as a substitute material for 

its use as a substrate in the growth of III-nitride materials.185-188 Part of its appeal stems 

from its lower effective mismatch with GaN (~4.7%)185 as compared to sapphire (~16%),189 

which makes it a promising candidate for mitigating the problem of high defect densities 

typical of III-nitride materials grown on sapphire. In addition to this, β-Ga2O3 is a 

transparent conductive oxide (TCO) with characteristic transparency (up to 260 nm) in the 

deep UV region. This characteristic is of distinct advantage for the development of vertical 

light emitting devices, including vertical cavity surface emitting lasers (VCSELs).187, 190 In 

addition, it is relatively cost-effective and easy to grow in bulk.191, 192 The combination of 

these properties contrast it sharply with other alternatives, such as conductive SiC that 

lacks UV transparency,193 and GaN that is neither as transparent as β-Ga2O3 in DUV region, 

nor easy to produce on a large scale.194 Previous attempts have been made to grow GaN, 

InGaN and AlGaN layers on (100)-oriented β-Ga2O3; both by MOCVD195, 196 and MBE.197, 

198 However, the material quality was poor compared to those grown on sapphire. While 

there have been recent improvements in the quality of the GaN and AlGaN epitaxial layers 

on this plane,199 the strong cleavage nature of the (100) plane of β-Ga2O3 makes such 

structures prone to peel off and disintegration. On the other hand, growth on (2̅01)-

oriented β-Ga2O3 is more stable because of the structural robustness of this plane. In this 
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study, we investigate the structural and optical properties of GaN/AlGaN multiple 

quantum wells (MQWs) growth, demonstrated for the first time on (2̅01)-oriented β-

Ga2O3. Its optical properties are further compared with those of a similar MQW structure 

grown on sapphire. 

7.1. Experimental Details 

The MQW structure (sample S1) was grown by MOCVD. TMGa, TMAl and NH3 were 

used as precursors for the growth of the epilayers. The growth proceeds with a 2nm low-

temperature AlN buffer layer grown on (2̅01)-oriented β-Ga2O3 substrate at 550 °C. A 

100 nm n-Al0.75Ga0.25N layer was then grown at 1020 °C, followed by a 900 nm thick 

Al0.30Ga0.70N layer at 1120 °C. N2 was used as the carrier gas for the AlN buffer layer and 

H2 was used as the carrier gas for the AlGaN layer. Subsequently, 3×GaN MQW and 

4×Al0.2Ga0.8N multiple quantum barriers (MQBs) with 3 nm/10 nm thickness, respectively, 

were overgrown on the thick 900 nm thick Al0.30Ga0.70N layer. The pressure inside the 

reactor was kept at 100 mbar throughout the growth process. For optical comparison, a 

similar MQW structure (Sample S2) was grown on c-sapphire (c-Al2O3), where all 

conditions were kept the same, with the exception of the AlN buffer layer, which was 8 

nm thick. The surface morphology and roughness of the grown sample were examined by 

AFM using scanning probe microscope (Agilent 5400). STEM was performed on a TEM 

lamella of the sample, prepared by lift-off procedure with an FEI Helios focused ion beam 

system. STEM imaging and the elemental mapping were achieved by Titan Themis Z 

40−300 TEM from Thermo Fisher, USA, equipped with a Super-X EDX detector. Time-
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integrated PL measurements for both samples were performed using a frequency-

doubled Ar+ CW laser at 244 nm with an excitation power of 5 mW and a spot size of ~60 

µm. Andor SR-303i spectrograph fitted with a 300 l/mm grating was used to detect the 

emitted signal. The recombination mechanisms were investigated by tTRPL spectroscopy 

using frequency-tripled Ti:Sapphire pulsed laser (266 nm), with a pulse width of 150 fs 

and a pulse rate of 76 MHz, as the excitation source, and a Hamamatsu C5680 streak 

camera as the detector. The Ti:Sapphire laser had an average excitation power of 3 mW 

and was focused to a diameter of ~60 µm, measured by a Gentec beam profiler. The 

samples were mounted in a closed-cycle He cryostat. For temperature-dependent 

measurements, a Lakeshore temperature controller was used to vary the temperature 

between 6K and RT. 

7.2. Results and Discussion 

7.2.1. Structural Characterization 

Figure 7.1(a) shows the structural schematic of the MQW samples (S1 and S2 

samples). Figure 7.1(b) shows the AFM images of Sample S1 surface that was grown on 

(2̅01)-oriented Ga2O3, which reveals the terminations of the threading dislocations as V-

pits of different sizes. The root mean square (RMS) roughness value at the surface over a 

100 µm2 area was found to be ⁓3.7 nm on average. To further assess the detailed 

structure and quality of the MQWs, a cross-section of the sample was analyzed by TEM. 

The z-contrast STEM image revealing the Al0.27Ga0.73N buffer layer, followed by an AlN rich 

layer and three periods of well-defined and homogeneous GaN/AlGaN MQW/MQB are 
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shown in Figure 7.1(c). Threading dislocations penetrating the MQWs and terminating as 

V-pits can also be observed. Figure 7.1(d) shows a zoomed STEM image of the MQWs. 

Here, it is seen that the real thickness of the MWQs and MQBs is averaged around⁓2.7 

nm and ⁓7.8 nm, respectively. The STEM image also shows an AlN rich layer of ⁓7 Å 

thickness below the MQWs. This layer probably formed spontaneously as a strain relief 

mechanism between the n-AlGaN and first AlGaN barrier. Figure 7.1(e) shows the energy 

dispersive X-ray (EDX) elemental mapping of Ga on the highlighted area on Figure 7.1(d). 

The Ga elemental map reveals a uniform and homogeneous lateral distribution of Ga 

atoms within the MQWs, demonstrating a good crystalline growth of the MQWs. 

Although, the topmost well layer seems to have a lower Ga content than the lower two 

layers. 
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Figure 7.1: (a) Structural schematic of Sample S1. (b) A 2.5 um × 2.5 um AFM map of the surface 
morphology of S1. (c) Cross-sectional STEM image of the MQW structure. (d) High magnification of the S1 

cross-section, showing the MQWs, MQBs and strain-relief layers. (e) EDX compositional mapping of Ga 
atoms of the highlighted area. 

7.2.2. Temperature-Dependent PL Analyses 

Low temperature (13K) PL spectra of the MQW near band edge (NBE) emissions for 

S1 and S2 are shown in Figure 7.2(a) and (b). The MQW PL peaks due to donor-bound 

excitonic (D0X) recombination are located at 3.384 eV and 3.367 eV for Sample S1 and 

Sample S2, respectively, which represents a blue-shift of ~17 meV for Sample S1. We also 

observe secondary peaks centered at ~3.81 eV and ~4.10 eV in the spectra pertaining to 

both samples. These two peaks belong to the Al0.2Ga0.8N MQBs and the Al0.27Ga0.73N 

layers, respectively. The low energy shoulder peaks related to both samples are 
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signatures of longitudinal optical (LO) phonon replicas and donor-acceptor pairs (DAP).200, 

201 The MQW D0X peaks have a full width at half maximum (FWHM) of 55.4 meV and 64.5 

meV for Sample S1 and Sample S2, respectively, suggesting that the MQW sample grown 

on Ga2O3 has a better crystalline quality than that grown on Al2O3. 

 

Figure 7.2: Low temperature (13 K) PL spectra of the NBE emissions of (a) Sample S1 and (b) Sample S2. 

Figure 7.3(a) shows that the temperature dependence of the NBE energy using 

pulsed laser excitation. Both samples exhibit an s-shape dependence of NBE energy on 

temperature, which is attributed to the delocalization of excitons due to thermal 

activation. This behavior is characteristic of III-nitride MQW structures.166, 169, 171 There 

was an initial redshift in the energy peak from 5K – 50K, indicating the relocalization of 

carriers from shallow states to lower energy states. Subsequently, a blueshift commences 
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from 50K – 110K. In this range, the carriers are delocalized due to thermal activation, as 

such, they are more easily trapped by non-radiative recombination sites. Beyond 110K, 

the peak energies of both samples then redshift monotonously, as predicted by 

Varshni.172 However, we observe that the 15K peak energies of both samples (3.442 eV 

and 3.420 eV for S1 and S2, respectively) shifted to higher centers as compared to the 

results observed with the CW excitation. The blue shift experienced by S1, compared to 

S2 is ~22 meV, which is ~5 meV higher than what was observed CW excitation. 

 

Figure 7.3: (a) Temperature-dependent plot of NBE energy of Sample S1 (on Ga2O3) and Sample S2 (on Al2O3). 
(Inset) Pulsed excitation PL spectra at RT. (b) Temperature-dependent plot of IQE for S1 and S2. (Inset) RT 
spectra of Sample S1 and Sample S2, excited by CW laser. 

The FWHM values at 15 K were 62.6 meV and 58.8 meV for Sample S1 and Sample 

S2, respectively. The disparity in the results between pulsed laser and CW excitation can 

be understood in light of higher excitation power of the pulsed laser source. The pulse 

power of the Ti:Sapphire laser is typically ~109 times higher than the average power of 

the CW laser used in this work. Consequently, the number of generated carriers using the 

pulsed laser excitation source is expected to increase by a comparable order of 
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magnitude. Such an increase should lead to a blue-shift in the NBE energy of both 

samples, first by Coulomb screening of QCSE in the MQWs, and subsequently by the filling 

of high energy band-tail states when defect states are sufficiently saturated.202, 203 This 

explains why both samples have higher NBE energy values than is observed with CW 

excitation source. If the blue-shift is caused by QCSE screening due to strain, the FWHM 

should decrease, but if it is caused by band-tail filling, it should increase.154  

 CW Excitation @ 13K Pulsed excitation @ 15K 

 Sample S1 

(MQW on Ga2O3) 

Sample S2 

(MQW onAl2O3) 

Sample S1 

(MQW on Ga2O3) 

Sample S2 

(MQW on Al2O3) 

NBE (eV) 3.384 3.367 3.442 3.420 

FWHM (meV) 55.4 64.5 62.6 58.8 

Table 7.1: Low temperature NBE energy and FWHM values of S1 and S2. 

As seen in Table 7.1, both samples showed a blue-shift in their center energies 

under pulsed laser excitation conditions, the FWHM of Sample S1 increases by ~7 meV 

while that of Sample S2 decreases by ~6 meV. These results imply less contribution from 

strain-related QCSE in Sample S1 relative to Sample S2. Indeed, this reduced effect of 

strain on structures grown on β-Ga2O3 substrates has previously been confirmed.186 

The inset of Figure 7.3(a) shows the pulsed excitation PL spectra for both samples at 15 

K. The NBE intensity of Sample S1 was found to be 10 times higher than that of Sample 

S2, at the same excitation power and temperature. A similar observation was made using 

Xenon lamp as the excitation source as shown in Figure 7.4. Here, the GaN peaks are 
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significantly weaker than the YL band emission due to the relatively low intensity of the 

excitation source compared to laser sources. 

 

Figure 7.4: Xenon lamp excitation of S1 and S2 showing their prominent YL band. Excitation wavelength 
was set at 325 nm. 

 To ascertain the reason for the intensity enhancement for the sample grown on Ga2O3, 

we compared their relative IQE, η𝑖(𝑇), obtained thermally, as the ratio of the time-

integrated PL intensity (in the range 3.2 – 3.65 eV) at each temperature relative to that at 

the lowest temperature (5 K) by assuming that the non-radiative channels are inactive at 

5 K (in line with Rashba’s treatment).204-206 The estimated IQE values shown in Figure 

7.3(b) for S1 was greater than those of S2 by less than a factor of 2 in the 6–290 K range. 
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The 290 K IQE of Sample S1 was found to be ~2.6%, whereas Sample S2 had an IQE of 

~1.8%. Although, the slight improvement in the IQE of S1 does not sufficiently explain its 

10-fold increase in intensity, we note that the integrated intensity ratio of the NBE to 

defect (YL) emission peaks of both samples at RT, as shown in the inset of Figure 7.3(b), 

is ~13 and ~1.7, for Sample S1 and S2, respectively. This represents a factor of 8 greater 

NBE/YL ratio for S1, grown on Ga2O3. This result gives indirect information about the 

crystalline quality of the structures.207, 208 The YL band has been shown to be positively 

correlated with the density of ON and VaGa point defects in the bulk of GaN based 

structures.43, 81 As such, while the exact origin of the YL band in these structures is not 

clear, and still needs to be further investigated, the NBE/YL ratio objectively demonstrates 

the manifold increase in intensity of the S1 (structure grown on Ga2O3), which 

demonstrates a higher crystalline quality of S1. 

Temperature-dependent TRPL measurements were carried out to further 

understand the carrier dynamics of both samples. Figure 7.5(a) and (b) show the TRPL 

decay plot at 6K and RT of Sample S1 and S2, respectively. 
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Figure 7.5: RT and 6 K TRPL spectra of MQW structure (a) grown on Ga2O3 (Sample S1) and (b) Al2O3. 
(Sample S2). Temperature-dependent lifetime parameters for (c) Sample S1 and (d) Sample S2. 

The PL decay curves of both samples were non-exponential at all temperatures. As 

such, we fitted the experimental curves with the double exponential fitting model, as was 

done in the previous chapter (Equation 5.7). 

The model (represented by solid lines in Figure 7.5(a) and (b)) provides an excellent 

fit to the experimental data. For the purpose of our analyses, we took the slow decay 

lifetimes as the steady state PL lifetimes, to avoid the complications caused by other fast 

phenomena such as hot carrier-phonon interactions and decay of optical phonons, which 

occur within 1–100 ps.117 

The TRPL lifetimes for S1 were 1.13 ns (6 K) and 0.62 ns (290 K) respectively, whereas, 

TRPL lifetimes for S2 were 0.66 ns (6 K) and 0.37 ns (290 K). By assuming that the radiative 
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recombination reaches maximum at low temperature in each sample, radiative, 𝜏𝑟𝑎𝑑, and 

non-radiative, 𝜏𝑛𝑟, recombination lifetimes were extracted using the equations: 

𝜏𝑟𝑎𝑑 =
𝜏𝑆𝑙𝑜𝑤(𝑇)

𝜂𝑖(𝑇)
       7.1 

 𝜏𝑛𝑟 =
𝜏𝑆𝑙𝑜𝑤(𝑇)

1−𝜂𝑖(𝑇)
       7.2 

Figure 7.5(c) and (d) show the temperature dependence of PL lifetime (black 

spheres), radiative lifetime (red spheres) and non-radiative lifetime (blue spheres) for S1 

and S2, respectively. Both samples exhibit a monotonous increase in radiative lifetime 

across the temperature range. Conversely, the non-radiative lifetime in both samples 

rapidly decreases with increasing temperature. Non-radiative phenomena in both 

samples become the dominant carrier recombination mechanism at ~60 K. This switch to 

non-radiative recombination processes at ~60K is consistent with the carrier 

delocalization process that was observed at around the same temperature in Figure 7.5 

(a) The radiative and non-radiative lifetime parameters and the NBE/YL ratio of both 

samples are represented in Table 7.2. 

Parameters Sample S1 (MQW on Ga2O3) Sample S2 (MQW onAl2O3) 

6K 290K 6K 290K 

NBE/YL ratio - 13 - 1.7 

τRad (ns) 1.13 19.78 0.66 11.66 

τNR (ns) - 0.64 - 0.38 

Table 7.2: Parameters of samples S1 and S2 based on PL and TRPL measurements. 

The radiative carrier lifetime (6 K and 290 K) as well as the non-radiative carrier 

lifetime (290 K) of Sample S1 are observed to be about twice as long as that of Sample S2. 
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The longer non-radiative lifetimes measured for Sample S1 are attributed to the lower 

contribution from non-radiative effects in the recombination processes,209-211 which can 

be understood in light of the lower density of defects in Sample S1, grown on (2̅01)-

oriented Ga2O3. On the other hand, S1 also has longer radiative lifetimes than S2. This 

may be due to reduced electron-hole (e-h) wavefunction overlap resulting from the strain 

relaxation. As has been previously discussed, III-nitride layers overgrown on (2̅01)-

oriented Ga2O3  (S1) are more strain relaxed than those grown on sapphire.185, 186 While 

this can lead to low rates of radiative recombination processes (longer radiative 

lifetimes),212 the drop in e-h overlap probability can effectively be offset by the higher 

quality of the overgrown layer, leading to better optical performance.213 

7.3. Chapter Conclusion 

Optical and structural characterizations were carried out on the successful growth 

of GaN/AlGaN MQWs on (2̅01)-oriented β-Ga2O3 substrate. The STEM characterization 

results show that a good crystalline growth of the MQWs grown on (2̅01)-oriented β-

Ga2O3 substrate has been achieved in the absence of enhanced growth techniques. PL 

analyses indicate a higher optical quality of the MQW grown on (2̅01)-oriented Ga2O3 

substrate as compared to a similar structure grown on sapphire substrate. Comparison of 

the defect YL to NBE intensity peak ratios indicates a higher PL intensity in the sample 

grown on (2̅01)-oriented β-Ga2O3. Lifetime analyses also confirm that the quantity of 

non-radiative recombination centers in the MQWs grown on (2̅01)-oriented β-Ga2O3 is 

lower as compared to that in the sample grown on sapphire. These results imply lower 
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density of defects in the (2̅01)-oriented β-Ga2O3 based structure. We can conclude from 

these results that under systematically optimized conditions, the growth of highly 

efficient vertical UV emitting devices based on III-nitrides is feasible.  
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Chapter 8. Carrier Dynamics in Highly Efficient Deep Ultraviolet LED 

Grown on Native AlN Substrate 

AlGaN-based DUV LEDs have thus far had limited industrial success primarily due, to poor 

efficiency resulting from high density of TD defects due to the substrate/epilayer 

mismatch as explained in Section 3.3.1.166, 214 In order to address this issue, researchers 

have utilized many structural enhancement techniques to improve the IQE of the devices. 

Many of these have proven successful, including the growth of thick AlN template on 

sapphire,215-217 strained-layer superlattice,69-71 and the use of nano-patterned sapphire 

substrates.68 The development of these structural enhancement techniques has been 

motivated by the dearth of native III-nitride substrates that can be used for active layer 

growth. The scarcity of native III-nitride substrates is mainly attributed to the difficulty in 

growing bulk single-crystal ingots.43 However, the recent rapid developments in physical 

vapor transport (PVT) have increased accessibility of native substrates.72, 218, 219 

Consequently, homoepitaxially grown active layers will allow the IQE to be significantly 

increased using simple growth procedures.220 As such, there is a need to study the carrier 

dynamics in such high-quality LED devices as a means to objectively benchmark their 

performances. 

In this chapter, AlGaN/AlGaN MQW LED structure grown on native AlN substrate is 

reported. The results yielded by detailed investigation of its carrier dynamics, for the first 

time, are presented and discussed. 
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8.1. Experimental Details 

The DUV structure was grown on lattice-matched AlN substrate (Hexatech, USA) 

by MOCVD at the R&D institute for semiconductor lighting at the Chinese Academy of 

Science (CAS), following a predefined procedure in which trimethyl-aluminum (TMAl), 

trimethyl-gallium (TMGa) and NH3 were used as the precursor reactants. AlN layer of 400 

nm thickness was initially regrown on 2.5 cm diameter AlN substrate at 1250 °C to 

eliminate remnant surface irregularities, followed by a 20X AlGaN/AlN SLS layer. 

Subsequently, a 1 µm thick n-AlGaN layer was grown, followed by a 5-period 

Al0.4Ga0.6N/Al0.5Ga0.5N (3 nm/12 nm) MQW active layer, capped by a 30 nm p-Al0.65Ga0.35N 

EBL.  

The DUV MQW structure was prepared for HAADF-STEM using an FEI Helios FIB 

SEM. The HAADF-STEM images were acquired using a Cs-Probe Corrected FEI Titan, 

operated at an acceleration voltage of 300 kV. For photoluminescence (PL) 

measurements, the third harmonic line (250 nm) of an ultrafast (150 fs) Ti:Sapphire 

pulsed laser (76 MHz) was used as an excitation source. The emitted signal was 

subsequently spectrally resolved using a SpectraPro 2300 spectrograph fitted with a 

grating with 150 gr/mm groove density and a 300 nm blaze. A Hamamatsu C9300 CCD 

camera detected the emission from the sample. The excitation source was focused to a 

beam diameter of ~ 60 µm for power-dependent PL measurements to enhance the power 

density incident on the sample. For temperature-dependent PL and TRPL measurements, 

the sample was enclosed in a Janis ST-100 closed cycle cryostat under high vacuum 
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conditions. A LakeShore 335 temperature controller was used to vary the sample holder 

temperature within the 5–300 K range. To temporally resolve the detected signal, the 

frequency of the excitation pulse was first slowed to 2 MHz using APE pulse picker, after 

which a Hamamatsu C5680 streak camera, with a slow sweep unit, fitted between the 

CCD and the spectrograph was activated. The temporal resolution of the slow sweep unit 

is ~100 ps. Each sweep signal was synchronized with the reduced pulse frequency of the 

excitation source. The detected signal was subsequently acquired in photon counting 

mode across 20,000 exposures, with an exposure time of 15 ms per frame. 

8.2. Results and Discussion 

8.2.1. Structural Characterization 

Figure 8.1(a) shows the cross-sectional STEM image of the MQW structure. The 

thicknesses of the various pre-MQW layers was confirmed by examining the STEM 

images. As expected, no TD defects could be observed in the sample, although it is typical 

of similar structures grown on sapphire.166, 221 A magnified image of the MQWs and EBL 

layers is shown in Figure 8.1(b). The MQWs are well defined and laterally homogenous, 

with no apparent interruptions from dislocation defects. This assessment is also 

supported by the STEM plan view image of the structure shown in Figure 8.1(c), which 

was taken over a 2.7 × 2.7 µm area. No spots characteristic of dislocation defects could 

be observed on the imaged sample. 
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Figure 8.1: (a) STEM cross sectional image of the pre-hole injection layer MQWs grown of AlN substrate. 
(b) A magnified STEM image of the MQWs region, showing the thickness of wells, barriers and electron 

blocking layer.(c) 2.7 × 2.7 µm Plan view STEM image of the sample surface. 

8.2.2. Optical Characterization and Carrier Dynamics 

8.2.2.1. Temperature-Dependent TIPL Analyses 

Figure 8.2(a) shows the PL spectra of the structure at 5 K and 290 K. At 5 K, the 

main PL peak of the sample was located at 4.57 eV, and it redshifted slightly to 4.55 eV at 
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290 K. The integrated intensity ratio at RT and low temperature (I(290K)/I(5K)) was found 

to be considerably high (81%). The temperature-dependent ratios of the integrated 

intensity, I(T)/I(5K) (linked red circles), and peak intensity, A(T)/A(5K) (linked blue circles), 

are plotted against temperature in the inset of Figure 8.2(a). I(T)/I(5K) is a qualitative 

representation of the IQE of the MQWs.204, 206 The high IQE values are consistent with the 

results expected of a structure of high crystalline quality, which has been confirmed by 

the STEM results. By comparison, in 2017, Wang, et al. 68 reported an IQE of 85% in 

AlGaN/AlGaN MQWs grown on nanopatterned sapphire substrate. While this value is 

comparable to the one obtained in this work, the prefabrication process employed by 

Wang and colleagues is complex, and a small number of dislocations still terminated at 

the surface of the QW structure. This could reduce the active volume of the MQWs and 

render the structure more prone to droop effect than one grown on AlN substrate.115  

For the sample examined as a part of the present study, the peak intensity ratio, 

representing the main recombination center, remains highly efficient (~63%) at RT. 

However, there is a notable divergence between the slopes of the temperature-

dependent integrated intensity, I(T)/I(5K), and peak intensity, A(T)/A(5K), as the 

temperature increases (Inset Figure 8.2(a)). The divergence between these two slopes can 

be explained as follows: While radiative recombination processes, represented by the 

integrated intensity of the PL spectra, remain highly efficient, the decline in the efficiency 

of the peak intensity to 63% compared to the integrated intensity (81%) implies carrier 

redistribution to nearby radiative states in the MQWs of the structure. This redistribution 
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process can be elucidated by the plots of the peak energy, the PL spectra centroids, which 

is defined as the weighted average peak of all the represented photon energies of the 

well emission spectrum, over the peak energy range 4.30 eV – 4.8 eV222 and the peak 

FWHM as functions of temperature as shown in Figure 8.2(b). At 5 K, the energy peaks at 

~4.57 eV, after which it abruptly redshifts to the main recombination center at ~4.55 eV 

between 30 K and 75 K, and it remains at this level until 290 K. Given that the peak energy 

is virtually independent of temperature above 75 K, a direct relationship between 

bandgap shrinkage and temperature, as predicted by Varshni,172 is not supported in this 

structure, as this phenomenon is related to thermally induced dilation of the crystal 

lattice.172, 223 This independence can instead be attributed to strong localization of carriers 

within confinement states in the MQWs, centered around the peak energy of ~4.55 eV. 

On the other hand, the initial redshift in peak energy between 35 K and 75 K is due to 

rapid thermionic repopulation of randomly distributed carriers from weakly confined 

states at very low temperatures, to the confinement states in the MQWs, starting from 

75 K, which is consistent with the results reported in pertinent literature.224, 225 

Examination of the peak FWHM behavior (as temperature increases) confirms that a 

fraction of the carriers were however delocalized, a broadening of the linewidth is 

observed, starting from ~100 meV at 5 K, to a saturation value of ~140 meV at 190 K. This 

broadening suggests that, although the localized recombination site is the most efficient 

recombination center, as evident from the high-efficiency of the peak intensity (> 60%), 

at 4.55 eV, carriers continue to migrate to other recombination centers from the vicinity 

of the localized sites. Since the peak energy remains practically constant above 75 K, this 
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means that the fraction of migrating carriers arising from the temperature increase is 

insufficient to cause a shift in the dominant peak located at 4.55 eV. Nevertheless, the PL 

centroid energy plot should still be sensitive to the migrating carriers, since the centroid 

energy is a weighted average peak of all the represented photon energies of the peak 

spectrum, as opposed to the peak energy, which solely represents the photons with the 

highest intensity. As such, it is possible to deduce the direction of carrier migration from 

the centroid energy behavior. As shown in Figure 8.2(b), the centroid energy decreases 

to lower value as temperature increases, showing the opposite trend of the FWHM 

behavior. Therefore, this behavior asserts that a small fraction of migrating carriers 

mainly redshifted to energy states lower than 4.55 eV, aided by thermal excitation. 

 

Figure 8.2: (a) PL spectra of the MQW structure at 5K and 290K. (a) inset Integrated intensity ratio, 
I(t)/I(5K) (linked red circles), and peak intensity ratio, A(t)/A(5K) (linked blue circles). Excitation power 

density was fixed at 23 MWcm-2 (b) Temperature dependence of the peak energy (blue sphere), FWHM 
(red sphere) and centroid of the PL spectra. 
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8.2.2.2. Temperature-Dependent TRPL Analyses 

To understand the carrier dynamics of the MQW structure, temperature-

dependent TRPL measurements were carried out on the MQW structure, as shown in 

Figure 8.3(a). To obtain the lifetime values, the experimental data (dots) were fitted, with 

excellent agreement, to the biexponential lifetime decay model (lines) using the 

expression below161 

𝐼𝑃𝐿 = 𝐴𝑓𝑒
𝑡
𝜏𝑓⁄ + 𝐴𝑠𝑒

𝑡
𝜏𝑠⁄ ,      8.1 

where 𝐴𝑓 and 𝐴𝑠 are the intensities for the fast and slow components of the biexponential 

model at t = 0, whereas 𝜏𝑓 and 𝜏𝑠 are the lifetime constants for the fast and slow 

components, respectively. 𝜏𝑓 is typically influenced by competing pre-recombination, 

ultrafast phenomena such as carrier-phonon scattering, intersubband scattering and 

carrier capture in MQWs.117 Consequently, in this work, 𝜏𝑠 is used as an experimentally 

convenient reflection of the temperature-dependent PL lifetimes (𝜏𝑃𝐿) of the studied 

MQW structure. Figure 8.3(b) shows 𝜏𝑃𝐿 (black spheres) as a function of temperature. No 

obvious dependence of the PL lifetime on temperature is observed. In order to 

understand the roles of radiative and non-radiative processes and the carrier dynamics 

within the MQWs, the radiative (𝜏𝑅𝑎𝑑) and non-radiative (𝜏𝑁𝑜𝑛−𝑟𝑎𝑑) lifetimes of the 

carriers with respect to temperature are calculated using the expressions below226, 227  

𝜏𝑅𝑎𝑑(𝑇) =
𝜏𝑃𝐿

I(T)

I(5K)

⁄         8.2 
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and 

𝜏𝑁𝑜𝑛−𝑟𝑎𝑑(𝑇) =
𝜏𝑃𝐿

1 −
I(T)

I(5K)

⁄        8.3 

 

Figure 8.3: (a) TRPL lifetime responses (dots) at different temperatures along with their corresponding 
fittings (lines). (b) PL (black spheres), radiative (blue spheres) and nonradiative (red spheres) lifetimes as a 

function of temperature. (c)Illustrations of low, (d) intermediate and (e) high temperature ranges of the 
carrier dynamics in the MQW structure. 

Across the entire temperature range, 𝜏𝑁𝑜𝑛−𝑟𝑎𝑑 reduces monotonically from 1,300 

ns at 15 K to 40 ns at 290 K as shown in Figure 8.3(b). While this represents a significant 

shortening of the non-radiative lifetime within the temperature range of interest, 

𝜏𝑁𝑜𝑛−𝑟𝑎𝑑 remains long enough to have negligible effect on the overall carrier lifetime of 

the MQWs. On the other hand, 𝜏𝑅𝑎𝑑 is 7 ns at 5 K, and remains constant until 90 K. This 

temperature range (5 K – 90 K) coincides with the temperature range at which the abrupt 

shift in peak energy occurs, as shown in Figure 8.2(b). Since the significant carrier 

migration to the localized recombination sites (~4.55 eV) in this range(5 K – 90 K) has no 
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notable influence on the radiative efficiency of the MQWs (Figure 8.2(a) inset), it is 

proposed that the constant lifetime is due to a dynamic equilibrium between the rate of 

carrier capture by the localized sites at 4.55 eV—from shallow sites—and carrier escape 

from the main sites to other lower energy states, as shown in Figure 8.4(a). At 

intermediate temperatures (110–200 K), there is a very gradual increase in 𝜏𝑟𝑎𝑑 until it 

reaches 7.7 ns. At this point, most of the carriers have been transferred from the shallow 

sites to the localization sites at 4.55 eV. Consequently, the rate of carrier escape from the 

main sites to the lower energy sites now exceeds the rate of capture, as shown in Figure 

8.4(b). This causes a gradual decrease in carrier density within the main sites, increasing 

the radiative lifetime. At high temperatures (T > 220 K), the carriers approach thermal 

equilibrium and are evenly distributed within the states. Notably, it is around this 

temperature range that the FWHM approaches its saturation value of 140 meV, indicating 

that, by this time, most of the states are evenly occupied as illustrated in Figure 8.4(c). At 

RT, the contribution of non-radiative carrier processes increases, the nature of which is 

further investigated by RT power-dependent PL spectroscopy as will be shown in the next 

section. 
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Figure 8.4 (a)Illustrations of low, (b) intermediate and (c) high temperature ranges of the carrier dynamics 
in the MQW structure. 

8.2.2.3. RT Power-Dependent PL Analyses 

To systematically study the IQE of the DUV MQWs structure as well as understand 

the nature of the efficiency droop, power-dependent PL measurements were carried out 

on the structure at RT. The IQE values of the MQWs were calculated from the power-

dependent PL spectra, shown in Figure 8.5, using the SRH method described in Section 

5.2.3. IQE obtained by this method is more reliable than that resulting from the 

temperature-dependent method, as the SRH method is used for samples measured at RT, 

which avoids experimental artefacts associated with the thermal method, such as thermal 

expansion of the sample holder, and vibrations caused by the cryogenic gas pump of the 
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closed-cycle cryostat during operation. Furthermore, as IQE is dependent on injected 

carrier density, when plotted as a function of power density, the thus obtained IQE values 

can provide practical information about the operational limits of the device, including the 

nature of the efficiency droop phenomenon inside the MQWs.115 

 

Figure 8.5: RT power-dependent PL spectra of the DUV MQWs 

The IQE plot as a function of excitation power density is shown in Figure 8.6(a). An 

increase in IQE with power density can be observed, with the maximum value of ~83% 

achieved at 15 MWcm-2, which is comparable with the IQE value obtained by thermal 

ratio, as well as with previously reported results for a similar structure.220 Beyond this 

point, a slight efficiency droop that saturates at ~60% can be noted. While TD defects may 

contribute to the droop effect,228 we rule out any contributions from TD defects, which 
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are absent from our sample structure. On the other hand, phonon-assisted Auger process 

and carrier overflow are two possible processes by which such a droop may occur.229, 230 

 

Figure 8.6: Power-dependent (a) IQE at RT using SRH method. (b) peak energy and peak centroid. (c) 
FWHM in log scale. (d) Integrated intensity in log-log scale. 

To further examine the source of droop in the structure, both peak energy and 

centroid are plotted against power density, as shown Figure 8.6(b). Akin to the 

temperature-dependent results, the peak energy (4.55 eV) is also independent of power 

density; however, the interpretation here is different. Typically, increase in power density 

should result in the peak energy blueshift, either through carrier overflow effect, or due 

to the screening of QCSE.115, 154 However, such blueshift is absent from this MQW 
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structure. In fact, the peak centroid energy reveals quite the opposite behavior (a 

redshift). At low power densities, most of the emission from the radiative recombination 

process arises from carriers occupying higher energy states (4.59 eV), whereas at high 

power densities, contributions from lower energy states become dominant. The FWHM, 

plotted in Figure 8.6(c), is also consistent with the centroid energy trend, initially rising 

from ~102 meV with respect to power, and saturating at ~140 meV at ~10 MWcm-2, which 

corresponds to the power density range in which the droop effect commenced. This result 

seems to rule out carrier overflow as the possible mechanism underlying the efficiency 

droop observed in Figure 8.6(a). Thus, Auger recombination remains the only plausible 

loss mechanism at high power densities.  

The log-log plot of the integrated intensity versus power density within the 0.2 − 

13 MWcm-2 range is shown in Figure 8.6(d). The slope of this plot is indicative of the 

dominant recombination process. A slope of ~1 implies the dominance of radiative 

processes, whereas ~2 implies non-radiative process related to SRH recombination, in 

accordance with Equation 5.4.231 As the slope in Figure 8.6(d) is ~1, radiative 

recombination is confirmed as the dominant carrier recombination process in the MQWs 

at RT. This result is in good agreement with the IQE plot shown in Figure 8.6(a), where the 

IQE rapidly increased from 40% to 83% within the excitation power density range 0.2 − 13 

MWcm-2. 
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8.3. Chapter Conclusion 

An AlGaN/AlGaN LED structure was homoepitaxially grown on PVT-grown AlN substrate. 

STEM cross-sectional and aerial images reveal pseudomorphic, highly crystalline epilayers 

with practically no dislocation defects. Temperature- and power-dependent PL 

characterizations show that the quantum wells are highly efficient recombination centers, 

with IQE exceeding 80%. In addition, temperature-dependent TRPL measurements 

confirmed that non-radiative processes in the device were suppressed, even at high 

temperatures. This analysis provided insight into the thermally assisted carrier migration 

processes between efficient radiative recombination centers. Power-dependent PL 

measurements confirmed the high IQE value of the structure, as well as showed that the 

efficiency droop mechanism was governed by Auger recombination process. 
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Chapter 9. Concluding Remarks and Future Directions 

9.1. Dissertation Conclusion  

The goal of this dissertation was to investigate and understand the carrier dynamics 

of the recombination phenomena in several III-nitride materials for enhancing light 

emitting device efficiency. Although, several research groups have demonstrated varying 

degrees of success in the enhancement of the efficiency of III-nitride materials, efficiency 

droop and other phenomena remain insufficiently understood. In addition, effects of 

different defect types on the device efficiency require further investigation. Therefore, in 

this dissertation, the effects of some well-known defects on the carrier dynamics of III-

nitride materials were investigated, with especial focus on UV and blue LED devices. In 

pursuit of this goal, several structural and optical characterization techniques were 

combined, from which a comprehensive picture of the contributions of such defects on 

the optical properties of the materials was presented. It was confirmed that in V-pit 

enhanced blue LEDs, the V-pits act as self-screening mechanisms for TD defects, which 

significantly enhances the radiative recombination efficiency of the LEDs. However, such 

defects also reduce the effective MQW volume, allowing an early onset of droop 

phenomenon in the structure at high carrier densities. It was further shown that the 

droop effect in such structures is driven by carrier overflow. On the other hand, the role 

of Al adatoms on grain boundary defects was investigated in a DUV structures. It was 

confirmed that the slow lateral growth rate of Al adatoms is responsible for the formation 

of grain boundaries. Moreover, increasing the AlN concentration increased grain 
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boundary defects. The findings reported in this dissertation also reveal that, at high 

temperatures, high energy band-tail states inside the grains played a significant role in 

the carrier recombination processes in the MQWs. As TD defects have been shown to 

exert the greatest influence on the efficiency of the emitting device, emergent substrates 

were analyzed to reduce the effect of TD defects and thus, enhance the efficiency of UV 

III-nitride materials. Specifically, UV III-nitride MQW structure was grown on a TCO (2̅01)-

oriented β-Ga2O3 substrate (with much lower lattice mismatch than that of the most 

common substrate Al2O3) for applications in vertical UV devices. Here, it was shown that, 

even in the absence of enhanced growth techniques, a good crystalline growth of near-

UV GaN/AlGaN MQWs was achieved, compared to a similar structure grown on Al2O3. 

Optical and transient measurements suggested lower occurrence of non-radiative 

processes in the former. These results can serve as the starting point for the systematic 

optimization of the growth conditions with highly efficient vertical UV emitting devices 

based on III-nitrides as an end goal. Finally, the carrier dynamics in a highly efficient III-

nitride DUV MQW LED structure grown on lattice-matched AlN substrate was 

investigated. The homoepitaxially grown structure was shown to be practically free of TD 

defects, which allowed the quantum wells to act as highly efficient recombination 

centers. Transient measurements provided insight into the thermally assisted carrier 

migration processes between efficient radiative recombination sites. The investigations 

reported in this dissertation is of relevance to the understanding of the influence of 

defects on the carrier dynamics, which will assist in improving the efficiency of III-nitride 

emitting devices. 
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9.2. Future Directions 

While understanding the carrier dynamics in the active region may help enhance 

the IQE of an LED, ‘efficiency’ is a mask term for a motley assortment of challenges that 

affect the optical performance of such devices. In addition to the IQE, there are other 

efficiency parameters, such as light extraction efficiency (LEE) and carrier injection 

efficiency (CIE) that must be accounted for. With respect to DUV structures, these two 

efficiency parameters are sometimes mutually antagonistic. For example, improving the 

LEE in AlGaN based LEDs usually entails making the carrier injection layers more 

transparent, which makes them more resistive, thus diminishing CIE. Therefore, to 

achieve a holistic improvement in optical performance of DUV LED devices, significant 

attention should be paid to both these parameters. 

Another factor known to independently impede the LEE of structures grown on AlN 

substrates is the presence of point defects, which cause deep level states (DLSs) in the 

substrate. Such DLSs are efficient absorbers of DUV emission, as shown in Figure 9.1. 

More attention should be paid on these defects to enhance LEE. Addressing these 

challenges should eventually lead to the fabrication of highly efficient electrically driven 

DUV LEDs. 
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Figure 9.1: Defect states emission in AlN substrates. Excitation was done by Ar+ laser with wavelength of 
244 nm. 

For the use of (2̅01)-oriented β-Ga2O3 as a suitable substrate for vertical devices, it 

has been demonstrated that relatively good crystalline quality can be achieved for 

overgrown structures. There is however as need to explore means by which to improve 

the structural quality of the active layer, especially for the vertical-cavity surface-emitting 

laser, without compromising on the transparency and conductivity of the substrate, which 

is its main advantage over other common substrates. 

To improve the time-resolved and other optical techniques for carrier dynamics 

investigations, tailored modifications can be made to the time resolved luminescence 
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setup to incorporate time resolved electroluminescence (TREL). Such a setup would 

furnish us with information about the effects of external electric field on the carrier 

dynamics of light emitting devices. 
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Appendix I.  

I.1. Interesting Primers 

I have included these primers in the appendix as an aid and reference to some of the 

discussions in the thesis. Here, I cover chemical bonding of elements, covalent bonding 

and the resultant band structure of semiconductors. I also discuss band theory of solids 

with respect to semiconductor materials and end with extrinsic semiconductors. 

 Bonds28 

In spite of their somewhat enigmatic attributes, electrons are some of the most 

basic building blocks of matter as we know it. This is not to say that electrons are the only 

important particles that make up matter. In actuality, there are several other particles, 

divided broadly into leptons (to which electrons belong) and baryons (such as protons 

and neutrons), which work harmoniously to form matter. However, since we intend to 

approach semiconductors from a holistic point of view, it would be useful to just focus on 

electrons because it is mainly their interatomic interactions that form the basis for the 

existence of macroscopic materials, through the sharing of outer shell electrons. These 

interatomic interactions are known as chemical bonding. The ‘chemical’ coloration of 

atomic bonding is due to the fact that the description of the forces responsible for 

bonding found a home in the broad discipline of chemistry long before the quantum 

mechanical model of atoms was formulated. Nevertheless, chemical bonding is better 

understood from the perspective of electronic interactions of atoms. The underlying 

reason why bonds form is the tendency of compatible elements to seek out a most stable 
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state; that is, a state that allows their outer shell to be fully occupied by electrons. 

Chemists then devised a system, known as the octet rule, to predict the bonding 

feasibility, directionality and strengths between elements. 

From this, four types of chemical bonding were defined thus: Ionic bonding, metallic 

bonding, Van Der Waal’s force and covalent bonding. An ionic bond occurs when highly 

electronegative atoms bond with highly electropositive ones, forming ions of the 

constituent elements in the bonding mixture so that the outermost shell of each ion is 

complete. Ionic bonding then occurs courtesy of electrostatic forces, which compels 

attraction between particles of opposite charges. A very common example of an ionic 

bond is found in salt (NaCl), where Na combines with Cl to form Na⁺Cl⁻. Metallic Bonding, 

much like ionic bonding, is also brought about by the effect of electrostatic force. 

Although, in the case of metallic bonding, the free electrons in metallic elements become 

loosely associated with the nucleus of the original atom. This loose association permits 

the electrons to act as somewhat free (delocalized) electrons travelling across lattices of 

ionized atoms, thereby, ‘gluing’ these atoms together. In fact, the high mobility of the 

free electrons is what makes metals such fantastic conductors of electricity. Copper wire 

is a popular example of metallic bonding. In Van Der Waal’s bond, whereas the outer 

shells of the constituent atoms in a molecule may be fully occupied, making the molecule 

electrically neutral, the molecule maintains a fluctuating dipolar character (dipole 

moment) due to the asymmetric distribution of its electric charges around its constituent 

elements. As such, a net force of attraction causes a bond between the constituent atoms 
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of adjacent molecules by inducing the opposite dipole moment. Van Der Waal’s bond is 

usually very weak; the weakest type of bond in fact, because it does not occur as a direct 

result of electron sharing, but rather, as a consequence of the dipolar nature of certain 

molecules. A typical example of Van Der Waal’s bonding is that which occurs between 

H2O molecules. Here, oxygen is strongly electronegative, whereas hydrogen atoms are 

strongly electropositive, so that even after the water molecule is formed, a hydrogen 

atom in one molecule is weakly attracted to the oxygen atom in another molecule. Van 

Der Waal’s bond is responsible for the liquid state of water at temperatures below its 

vapor point. It also contributes significantly to surface tension. Covalent Bonds occur 

when two or more atoms share electron pairs. While not strictly being the case, it is 

helpful to think of the electronegativity of the elements/molecules involved as being 

comparable in magnitude, so that any incentive for electrostatic attraction among the 

elements is not prominent enough to be responsible for the bonding between elements. 

Perhaps more than any other bonding type, covalent bonding best exemplifies the 

proclivity of elements to have their outermost shells fully occupied by electrons. The most 

common type of covalent bond is the homonuclear bond between two hydrogen atoms 

(Figure A 1). 
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Figure A 1: Hydrogen molecule bonding (H2) 

Strictly speaking, bonding between most elements is more accurately perceived, 

not as an exact expression of a particular type of chemical bonding, but as a degree on a 

multidimensional continuum of each type. When dealing with semiconductors, covalent 

bonds play the most prominent role. Actually, within a covalent bond, each electron pair 

is attached to a pair of atoms, such that there are no free electrons to facilitate 

conduction. Hence, semiconductors ordinarily do not conduct electricity. However, this 

non-conductive state can change when an external perturbation (e.g. temperature, 

photons and phonons) with higher activation energy than the electron binding energy is 

applied; thus, the self-explanatory, function-based designation “semiconductors”. It is as 

a result of covalent bonding that semiconductors and insulators such as AlN and diamond 

(carbon) are some of the hardest known materials. In that sense, the covalent bond is 

diametrically opposed to Van Der Waal’s bond. 

e 

e 
+ + 
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 Bands28 

While covalent bond might give basic insights as to how semiconductors may form, 

we would really need to appeal to quantum mechanics to understand why 

semiconductors behave the way they do. To this end, the most convenient quantum 

mechanical device used to elucidate the behavior of semiconductors is known as band 

theory of solids. Its allure is in its direct usage of the discrete energy states of electronic 

wave functions, which elegantly circumvents any need to appeal to the cumbersome 

particulate approximations of electrons provided by the octet rule. This is very relevant, 

since, as was famously remarked by Richard Feynman, “electrons do not behave like 

anything we have any direct experience of”. The following rudimentary explanation 

should suffice as a descriptive exposé on the fundamentals of band theory for the specific 

case of semiconductors. 

From the Bohr atomic model, we know that electrons around any given atom 

occupy discrete energy levels, defined by wave function, ΨE; ‘E’ representing the well-

defined electron configuration of atomic orbitals. When two atoms with one valence 

electron apiece come within proximity of each other, two new molecular orbitals are 

formed that represent the new possible energy levels for the electrons. Likewise, if four 

of these atoms come within proximity of each other, the tendency would be to form four 

new molecular orbitals, each representing a possible energy level of the electrons in the 

outermost shell of the four atoms. Thus, for N number of atoms coming within proximity 

of each other, it is conceivable that the number of possible levels for the electrons will 
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equally be N (i.e. Ψ1, Ψ2, Ψ3… ΨN). However, there is a boundary for the maximum (ΨN) 

and minimum (Ψ1) possible energy states for all values of N. What this translates to, 

physically, is an ever-increasing number of levels in between Ψ1 and ΨN; and thus, an 

ever-reducing distance between adjacent energy levels. Now, if Ψ𝑁 −Ψ1~10 𝑒𝑉 as is 

typical, then, for 𝐍 → 𝟏𝟎𝟐𝟑 𝒄𝒎−𝟑 (Avogadro’s magnitude), it follows that: Ψ𝑥+1 −Ψ𝑥 =

Δ𝐸 → 0, where 𝒙 ∈ {𝟏, 𝟐, 𝟑…𝑵}. Consequently, it becomes less meaningful to quantify 

the allowed energy levels as discrete levels, but rather, as continuous energy bands 

characterized by their respective maxima or minima. As these molecular orbitals interact 

to form virtually continuous bands, regions of inter-band gaps inevitably emerge due to 

the limitations imposed by the optimal interatomic spacing that prevents the nucleus of 

atoms from collapsing into each other. 
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Figure A 2: Formation of bands and band-gaps in semiconductors.232 

According to Pauli’s exclusion principle, each level can be occupied by two 

electrons; thus the number of possible electron states will always be twice the number of 

allowed levels. Also, since the number of possible states are split equally between the 

levels in the allowed bands, then it stands to reason that in the absence of external 

perturbation, all the valence electrons should occupy the lower half of the total possible 

states (to minimize energy).232 In other words, they should occupy the lower energy band. 

This band is usually referred to as the valence band (VB). The upper unoccupied band is 

the conduction band (CB) (Figure A 2). The conduction band is so called because it is made 

up of empty allowed electron states. Therefore, when a suitably effective perturbation 

disturbs the equilibrium of the semiconductor, such as thermal energy or electric field, 

Ψ𝑁 

Ψ1 

Conduction band 

Valence band 
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electrons from the fully occupied valence band are excited into the conduction band, 

allowing them to travel freely across the empty states in that band, thereby conducting 

electricity for the duration of the perturbation. 

The difference between the valence band maximum and the conduction band 

minimum is called the bandgap. Bandgaps are singly the most useful attributes of 

semiconductors. It should be noted that they are not unique to semiconductors as 

insulators also exhibit similar characteristics. The main difference between 

semiconductors and insulators is that in the case of insulators, the bandgaps are so wide 

that the structural integrity of the insulating material would be compromised long before 

an external perturbation can attain a high enough energy to propel electrons from the 

valence to the conduction band; hence, any chance of getting an insulator to conduct 

electricity is remote, if not practically none existent. 

Before proceeding, it should be stated that the simple introduction to band theory 

above assumed, albeit implicitly, a one-dimensional (1D) arrangement of atoms, and this 

was done strictly for simplicity. In practice, atoms in ideal semiconductors are typically 

distributed in a three-dimensional (3D) space. 

As was earlier mentioned, the allowed states within the bands become de facto 

continuous for all practical purposes. As such, it would make sense to quantify the 

available states in terms of their density with respect to the 3D volume of the 

semiconductor crystal lattice. In fact, it can be shown that the 3D density of states, g(E), 
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from an arbitrary energy level, E, within the allowed bands can be represented by the 

parabolic function:28 

𝑔(𝐸) =
4𝜋

ℎ3
(2𝑚𝑒

∗)
3

2(𝐸 − 𝐸𝑐)
−
1

2     1 

for electrons, and 

𝑔(𝐸) =
4𝜋

h3
(2mh

∗ )
3

2(Ev − E)
−
1

2     2 

for holes, where me* and mh* are the effective masses of electrons and holes in the CB 

and VB, respectively, Ec and Ev are the energies at the bottom of the conduction band and 

top of the valence band, respectively and h is Planck’s constant. By integrating the product 

of density of states and the Fermi function, which defines the probability of electrons 

occupying the bottom of the CB, given by 𝐹(𝐸) = 𝑒𝑥𝑝 (−
𝐸−𝐸𝐹

𝑘𝑇
), it can further be shown 

that the average concentration of electrons, Ne, by thermal activation, in the conduction 

band is: 
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2πme
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2
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and, by analogy, the hole concentration in the valence band is: 

Nℎ = 2(
2πmh

∗ 𝑘𝑇
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3

2
exp (
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𝑘𝑇
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where 𝐸𝑔 = 𝐸𝐶 − 𝐸𝑉 and 𝐸𝐹 (≅
𝐸𝐶+𝐸𝑉

2
) is the fermi energy. The crucial takeaway from 

equations 9.3 and 9.4 is that, for any given semiconductor, their product, which is the 
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product of electron and hole concentrations in the CB and VB respectively, gives a value 

that is only dependent on temperature. 

N𝑒Nℎ = 4(
2π𝑘𝑇

ℎ2
)
3

(me
∗mh

∗ )
3

2 exp (
−Eg

𝑘𝑇
) = 𝑛𝑖

2   5 

where ni is the number of intrinsic electron or hole, referred to generically, as carrier. This 

relationship establishes a dynamic equilibrium relationship between number of electrons 

and holes in the respective band edges. The importance of this relationship is elucidated 

under the next discussion on extrinsic semiconductors. 

 

 Extrinsic Semiconductors28, 32 

In the section on chemical bonding, I have discussed how the atoms in 

semiconductors are covalently bonded in order to fill the outermost shells of the atoms. 

It is useful to recall that picture again to understand what extrinsic semiconductors are. 

In the case of GaN, the atomic arrangement is such that the three valent electrons of Ga 

complete the missing three electrons in the outermost shell of N, and the 5 valent 

electrons complete the missing 5 in Ga. Now, supposing a relatively small number, 𝑁𝐷, of 

group IV impurity, such as Si is added to the III-V mix (usually during growth), Si will tend 

to replace Ga in some of the group III complexes. This means, as before, that three 

electrons from Si atoms will bond with the N atoms. However, there would be one 

electron left, which would be loosely bonded to its host atom. This electron, due to its 

loose bond, would not require much energy to unbind from its parent atom into the 

conduction band. Such an atom that contributes a loosely bound electron is known as a 
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‘donor’ atom, and such a semiconductor is known as an n-type material. A p-type 

material can be created in a similar way, by adding group II impurity, 𝑁𝐴, such as Mg, to 

the mix. In this case, an electron vacancy is created, making it easy for electrons to leave 

the valence band to bond with the Mg, an ‘acceptor’ atom as it were, effectively creating 

more holes. Consequently, in both cases, new energy states, EA and ED, are created within 

the bandgap, corresponding to the acceptor and donor states respectively. 

 

Figure A 3: Energy states representation of n-type and p-type semiconductors at 0K. 

Before proceeding, it should be stated that the manner of doping described refers 

specifically to intentionally doped semiconductors. In reality, there can be no perfectly 

intrinsic semiconductor due to the existence of residual impurities in growth/synthesis 

reactors or other native defects, so there will always be excess electrons and/or holes in 

the material. As a result, every semiconductor should either be p-type or n-type, 

depending on which of the carriers is the majority. The technical term for nominally 

intrinsic semiconductors is ‘unintentionally doped’; to differentiate them from materials 

that were deliberately doped to achieve well-defined extrinsic properties. At any rate, the 

general conclusions regarding extrinsic materials are the same in both cases. 
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If we recall, it was established in Equation 5 that the product of the density of 

positive and negative carriers in the CB and VB, respectively, is equal to square of the 

intrinsic carrier (i.e. N𝑒Nℎ = 𝑛𝑖
2) at any given temperature, and for any given material. 

The implication of this result is that the presence of donor atoms will increase the density 

of electrons in the CB and decrease the density of holes in the VB; similarly, the presence 

of acceptor atoms will increase the density of holes in the VB and decrease the density of 

electrons in the CB. Put in other words, there is a dynamic equilibrium between generated 

holes and electrons; which may be expressed as: 

N𝑒 + 𝑁𝐴
− ⇌ Nℎ + 𝑁𝐷

+      6 

where 𝑁𝐴
− and 𝑁𝐷

+ are the ionized acceptors and/or donors, respectively. 

One interesting outcome of this is that the fermi level of n-type semiconductors lies 

between the CB and the donor level; and between the VB and acceptor level for p-type 

semiconductors. We can understand how by considering that at a very low temperature 

(T= 0K), all valence electrons are settled in the VB and so, in the case of the n-type 

semiconductor, the doped material will behave like a new semiconductor with 𝐸𝑔 =

𝐸𝐶𝐵 − 𝐸𝐷, so that the new Fermi energy, 𝐸𝑓𝑛 =
1

2
(𝐸𝐶𝐵 + 𝐸𝐷) (Of course, an analogous 

result can be deduced for the Fermi energy, 𝐸𝑓𝑝, of p-type materials (as shown in Figure 

A 3). As temperature is increased, the CB is initially only occupied by donor electrons until 

𝑁𝐷 is fully ionized. Consequently, to maintain the dynamic equilibrium constraint of 

electrons and holes, the additional electrons occupying the CB would have to come from 
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the VB. It is at this point that the fermi energy begins to move further towards the mid-

gap until it settles at the intrinsic Fermi level; by which time the VB must be the dominant 

source of free electrons in the CB (Figure A 4). 

 

Figure A 4: Temperature dependence of Fermi level.29 

In the case of wide bandgap III-nitrides, the Fermi energy for doped materials remain 

closer to the impurity level than the intrinsic level, even at room temperature. This is 

because the intrinsic carrier concentrations in such materials is typically very small (≈

1.9 × 10−10 𝑐𝑚−3 for GaN),32 

 Diodes32 

Since LEDs are, fundamentally, semiconductor diodes that emit light, understanding 

the operating principles of a semiconductor diode will provide useful context to our study 

of LEDs. A diode is a type of electronic device that only allows for a unidirectional flow of 

current. For simplicity, this discussion will initially be limited to the operation of a p-n 

diode. A p-n diode is a semiconductor device formed when a positively doped (p-type) 

semiconductor forms a lateral interface with a negatively doped (n-type) semiconductor. 

It is this unique configuration that allows the device to act as a diode. In the absence of 
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external bias voltage, when a p and n doped semiconductor are ‘joined’, carrier diffusion 

takes place near the shared interface of these two materials. The holes on the p-type side 

of the interface immediately diffuse into the n-type material, and then annihilate with 

nearby electrons. Likewise, electrons on the n-type side of the interface diffuse into the 

p-type material and annihilate with holes. Consequently, a region with width, WD, of 

negative and positive ions emerges on the p-type and n-type side of the interface, 

respectively. The electric field of this region, known as the depletion region, grows in 

strength, until it counteracts the carrier diffusion process, leading to an ‘equilibrium’ 

state with no net carrier flow. This region has a built-in ‘diffusion voltage’, VD, that creates 

an energy potential, qVD, which acts as a barrier that blocks further flow of carriers to 

either side of the diode (Figure A 5 (a)). The energy potential barrier is given by: 
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Figure A 5: Schematic and band diagram of a diode in (a) equilibrium, (b) forward bias and (c) reverse bias 
conditions. 

𝑞𝑉𝐷 = 𝑘𝑇 × 𝑙𝑛 (
𝑁ℎ𝑁𝑒

𝑛𝑖
2 )      7 

where k is Boltzmann’s constant, T is the operating temperature of the diode, Nh and Ne 

are the excess hole and electron concentrations in the doped regions respectively, and ni 

is the intrinsic concentration of electron and holes in the semiconductor.32 The depletion 

region’s width, WD, may be precisely determined by the following equation: 

𝑊𝐷 = √
2𝜀

𝑞
(𝑉𝐷 − 𝑉𝐵) (

𝑁ℎ+𝑁𝑒

𝑁ℎ𝑁𝑒
)     8 

where ε is the dielectric permittivity of the semiconductor material and VB is an externally 

applied bias voltage. Therefore, when an external bias voltage, VB, is applied in the 
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forward direction, that is, under ‘forward bias’ conditions as shown in Figure A 5(b), it is 

readily obvious from Equation 8 that this will cause the width of the depletion region to 

shrink. Here, the negative terminal of VB forces the electrons in the n-type side to become 

mobile, diffusing into the n-type side of the depletion region, thereby neutralizing the 

electron ions inside the depletion region. Likewise, the positive terminal does the same 

for the holes and hole ions in the p-type side of the depletion region. Eventually, at some 

value, VB ≈ VD the applied bias is able to overcome the built-in potential, which eliminates 

the ions and allow the corresponding carriers to freely flow across the p-n junction, as in 

Figure A 5 (b). In ‘reverse bias’, (i.e. VR = -VB), carriers are pulled away from the depletion 

region by the bias voltage source. This causes an increase in the electron and hole ions 

inside the depletion region, which invariably widens the region. The potential barrier then 

increases as shown in Figure A 5 (c), preventing carriers from flowing across the p-n 

junction. That said, at a high enough VR, current can begin to flow in reverse bias. This 

phenomenon is known as avalanche breakdown, and is an extremely useful property in 

the design of certain types of photo-detecting diodes. Avalanche breakdown will however 

not be discussed further here, as it is beyond the scope of this work. It is sufficient, as has 

been done, to show that a simple p-n arrangement of semiconductor layers has the 

properties of a diode. 
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Appendix II.  

II.1. IQE Method Comparison 

Two methods were often used to acquire IQE measurements in all discussions 

pertaining to IQE of the investigated structures. They include the IQE based on integrated 

intensity ratio, I(RT)/I(5K), and SRH IQE. Here, a comparison between both methods is 

carried out. At low power densities (<20 MWcm-2), there is some correspondence 

between the trend of both methods. However, we find that the IQEI(RT)/I(5K) is slightly lower 

in value (by ~10%) than IQESRH. As was explained in Section 8.2.2.3, IQEI(RT)/I(5K) is prone to 

experimental artefacts, so this may explain the slight difference in both values. At high 

excitation power density, IQEI(RT)/I(5K) appears to be exaggerated compared to IQESRH. This 

result makes sense because efficiency droop tends to follow the saturation of radiative 

recombination sites. As such, the integrated intensity ratio, IQEI(RT)/I(5K), in the high 

excitation power density regime, will be immune to the droop effect since it only accounts 

for radiatively recombined carriers, which will be significant after saturation of the 

recombination sites, both at low and room temperature.  
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Figure A 6: Power-dependent comparison between integrated intensity ratio, I(RT)/I(5K), and SRH IQE 
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[103] J. García Solé, L. E. Bausá, and D. Jaque, An introduction to the optical spectroscopy of 
inorganic solids. Hoboken, NJ: J. Wiley, 2005. 

[104] LEXEL-LASER. (02/05). Products. Available: https://www.lexellaser.com/products/ 
[105] LEXEL-LASER, "LEXEL 85-SGH Operator's Manual," unpublished. 
[106] G. H. Chapman, "Metal Vapour Lasers," ed. 

https://www.lexellaser.com/products/


201 
 

[107] Kimmon. (05/02). He-Cd Laser Instruction Manual. Available: 
http://www.kimmon.com/datasheets/IK%20KP%20Manual(E).pdf 

[108] D. W. Piston, J. C. Long, and M. W. Davidson. (2001). Ti:Sapphire Mode-Locked Lasers. 
Available: https://micro.magnet.fsu.edu/primer/java/lasers/tsunami/index.html 

[109] Coherent, "MIRA 900-F Operator's Manual," unpublished. 
[110] A.P.E-GmbH, "PulseSelect Operator's manual," unpublished. 
[111] Coherent, "Coherent THG Dual Harmonics Generator Operator's Manual," unpublished. 
[112] THORLABS. (03/03). Grating Tutorials. Available: 

https://www.thorlabs.com/tutorials.cfm?tabID=0ca9a8bd-2332-48f8-b01a-
7f8bf0c03d4e 

[113] Andor, "Shamrock 303i Operation manual," unpublished. 
[114] J. Shah and American Telephone and Telegraph Company., Ultrafast spectroscopy of 

semiconductors and semiconductor nanostructures. Berlin ; New York: Springer, 1996. 
[115] I. A. Ajia, P. R. Edwards, Y. Pak, E. Belekov, M. A. Roldan, N. Wei, et al., "Generated carrier 

dynamics in V-pit enhanced InGaN/GaN light emitting diode," ACS Photonics, 2017/12/18 
2017. 

[116] Hamamatsu, "C5680 Streak Camera Operator's Manual," unpublished. 
[117] J. Shah and Lucent Technologies (Firm), Ultrafast spectroscopy of semiconductors and 

semiconductor nanostructures, 2nd enl. ed. Berlin ; New York: Springer Verlag, 1999. 
[118] Zeiss. (3/3). Education in Microscopy and Digital Imaging.  
[119] Edinburgh-Instruments. FLS980 Spectrometer. Available: 

https://www.edinst.com/products/fls-980-fluorescence-spectrometer/ 
[120] J. Goldstein, Scanning electron microscopy and x-ray microanalysis, 3rd ed. New York: 

Kluwer Academic/Plenum Publishers, 2003. 
[121] S. J. Pennycook, "Scanning transmission electron microscopy: Seeing the atoms more 

clearly," Mrs Bulletin, vol. 37, pp. 943-951, Oct 2012. 
[122] Claudionico~commonswiki. (2013, 3/3). Electron Interaction with Matter. Available: 

https://en.wikipedia.org/wiki/File:Electron_Interaction_with_Matter.svg 
[123] R. E. Paul and W. M. Robert, "Cathodoluminescence nano-characterization of 

semiconductors," Semiconductor Science and Technology, vol. 26, p. 064005, 2011. 
[124] Gatan. Cathodoluminescence. Available: 

http://www.gatan.com/techniques/cathodoluminescence 
[125] S. J. Pennycook, "A Scan Through the History of STEM," in Scanning Transmission Electron 

Microscopy: Imaging and Analysis, S. J. Pennycook and P. D. Nellist, Eds., ed New York, 
NY: Springer New York, 2011, pp. 1-90. 

[126] G. Haugstad, "Overview of AFM," in Atomic Force Microscopy, ed: John Wiley & Sons, Inc., 
2012, pp. 1-32. 

[127] T.-J. Yang, R. Shivaraman, J. S. Speck, and Y.-R. Wu, "The influence of random indium alloy 
fluctuations in indium gallium nitride quantum wells on the device behavior," Journal of 
Applied Physics, vol. 116, p. 113104, 2014. 

[128] X. Wu, J. Liu, Z. Quan, C. Xiong, C. Zheng, J. Zhang, et al., "Electroluminescence from the 
sidewall quantum wells in the V-shaped pits of InGaN light emitting diodes," Applied 
Physics Letters, vol. 104, p. 221101, 2014. 

[129] Z. J. Quan, J. L. Liu, F. Fang, and F. Y. Jiang, "Effect of V-shaped pit density on quantum 
efficiency of blue InGaN/GaN multiple-quantum well light-emitting diodes: Simulation," 
in 2015 International Conference on Numerical Simulation of Optoelectronic Devices 
(NUSOD), 2015, pp. 31-32. 

http://www.kimmon.com/datasheets/IK%20KP%20Manual(E).pdf
https://micro.magnet.fsu.edu/primer/java/lasers/tsunami/index.html
https://www.thorlabs.com/tutorials.cfm?tabID=0ca9a8bd-2332-48f8-b01a-7f8bf0c03d4e
https://www.thorlabs.com/tutorials.cfm?tabID=0ca9a8bd-2332-48f8-b01a-7f8bf0c03d4e
https://www.edinst.com/products/fls-980-fluorescence-spectrometer/
https://en.wikipedia.org/wiki/File:Electron_Interaction_with_Matter.svg
http://www.gatan.com/techniques/cathodoluminescence


202 
 

[130] A. Y. Kim, W. Götz, D. A. Steigerwald, J. J. Wierer, N. F. Gardner, J. Sun, et al., "Performance 
of High-Power AlInGaN Light Emitting Diodes," physica status solidi (a), vol. 188, pp. 15-
21, 2001. 

[131] M. Takashi, Y. Motokazu, and N. Shuji, "Characteristics of InGaN-Based 
UV/Blue/Green/Amber/Red Light-Emitting Diodes," Japanese Journal of Applied Physics, 
vol. 38, p. 3976, 1999. 

[132] H. Dong-Pyo, S. Jong-In, S. Dong-Soo, and K. Kyu-Sang, "Effects of unbalanced carrier 
injection on the performance characteristics of InGaN light-emitting diodes," Applied 
Physics Express, vol. 9, p. 081002, 2016. 

[133] H. Gao, F. Yan, Y. Zhang, J. Li, Y. Zeng, and G. Wang, "Improvement of the performance of 
GaN-based LEDs grown on sapphire substrates patterned by wet and ICP etching," Solid-
State Electronics, vol. 52, pp. 962-967, 6// 2008. 

[134] K. Tadatomo, H. Okagawa, Y. Ohuchi, T. Tsunekawa, T. Jyouichi, Y. Imada, et al., "High 
Output Power InGaN Ultraviolet Light-Emitting Diodes Fabricated on Patterned 
Substrates Using Metalorganic Vapor Phase Epitaxy," physica status solidi (a), vol. 188, 
pp. 121-125, 2001. 

[135] K. Lee, H. Lee, C.-R. Lee, J. S. Kim, J. H. Lee, M.-Y. Ryu, et al., "Spatial emission distribution 
of InGaN/GaN light-emitting diodes depending on the pattern structures," Materials 
Research Bulletin, vol. 58, pp. 121-125, 10// 2014. 

[136] Y.-C. Lee, S.-C. Yeh, Y.-Y. Chou, P.-J. Tsai, J.-W. Pan, H.-M. Chou, et al., "High-efficiency 
InGaN-based LEDs grown on patterned sapphire substrates using nanoimprinting 
technology," Microelectronic Engineering, vol. 105, pp. 86-90, 5// 2013. 

[137] C.-T. Yu, W.-C. Lai, C.-H. Yen, and S.-J. Chang, "Effects of InGaN layer thickness of 
AlGaN/InGaN superlattice electron blocking layer on the overall efficiency and efficiency 
droops of GaN-based light emitting diodes," Optics Express, vol. 22, pp. A663-A670, 
2014/05/05 2014. 

[138] Z. Liu, J. Ma, X. Yi, E. Guo, L. Wang, J. Wang, et al., "p-InGaN/AlGaN electron blocking layer 
for InGaN/GaN blue light-emitting diodes," Applied Physics Letters, vol. 101, p. 261106, 
2012. 

[139] J.-W. Ju, E.-S. Kang, H.-S. Kim, L.-W. Jang, H.-K. Ahn, J.-W. Jeon, et al., "Metal-organic 
chemical vapor deposition growth of InGaN/GaN high power green light emitting diode: 
Effects of InGaN well protection and electron reservoir layer," Journal of Applied Physics, 
vol. 102, p. 053519, 2007. 

[140] S. J. Leem, Y. C. Shin, K. C. Kim, E. H. Kim, Y. M. Sung, Y. Moon, et al., "The effect of the 
low-mole InGaN structure and InGaN/GaN strained layer superlattices on optical 
performance of multiple quantum well active layers," Journal of Crystal Growth, vol. 311, 
pp. 103-106, 12/15/ 2008. 

[141] M. J. Davies, P. Dawson, F. C.-P. Massabuau, R. A. Oliver, M. J. Kappers, and C. J. 
Humphreys, "The effects of Si-doped prelayers on the optical properties of InGaN/GaN 
single quantum well structures," Applied Physics Letters, vol. 105, p. 092106, 2014. 

[142] V. N. Bessolov, E. V. Konenkova, S. A. Kukushkin, A. V. Osipov, and S. N. Rodin, "Semipolar 
Gallium Nitride on Silicon: Technology and Properties," Reviews on Advanced Materials 
Science, vol. 38, pp. 75-93, Aug 2014. 

[143] V. Vladislav, B. Natalia, G. Ruslan, L. Philipp, L. Yuri, R. Yury, et al., "Nature of V-Shaped 
Defects in GaN," Japanese Journal of Applied Physics, vol. 52, p. 08JE14, 2013. 

[144] J. E. Northrup and J. Neugebauer, "Theory of GaN(10¯10) and (11¯20) surfaces," Physical 
Review B, vol. 53, pp. R10477-R10480, 04/15/ 1996. 



203 
 

[145] J. Neugebauer, "Ab initio Analysis of Surface Structure and Adatom Kinetics of Group-III 
Nitrides," physica status solidi (b), vol. 227, pp. 93-114, 2001. 

[146] I. Girgel, P. R. Edwards, E. Le Boulbar, D. W. Allsopp, R. W. Martin, and P. A. Shields, 
"Investigation of facet-dependent InGaN growth for core-shell LEDs," in Proc. SPIE 9363, 
2015, pp. 93631V-93631V-8. 

[147] J. Kim, Y.-H. Cho, D.-S. Ko, X.-S. Li, J.-Y. Won, E. Lee, et al., "Influence of V-pits on the 
efficiency droop in InGaN/GaN quantum wells," Optics Express, vol. 22, pp. A857-A866, 
2014/05/05 2014. 

[148] M. K. Horton, S. Rhode, S.-L. Sahonta, M. J. Kappers, S. J. Haigh, T. J. Pennycook, et al., 
"Segregation of In to Dislocations in InGaN," Nano Letters, vol. 15, pp. 923-930, 
2015/02/11 2015. 

[149] N. Duxbury, U. Bangert, P. Dawson, E. J. Thrush, W. V. d. Stricht, K. Jacobs, et al., "Indium 
segregation in InGaN quantum-well structures," Applied Physics Letters, vol. 76, pp. 1600-
1602, 2000. 

[150] H. Yoshida, M. Kuwabara, Y. Yamashita, K. Uchiyama, and H. Kan, "Radiative and 
nonradiative recombination in an ultraviolet GaN/AlGaN multiple-quantum-well laser 
diode," Applied Physics Letters, vol. 96, p. 211122, 2010. 

[151] Q. Dai, M. F. Schubert, M. H. Kim, J. K. Kim, E. F. Schubert, D. D. Koleske, et al., "Internal 
quantum efficiency and nonradiative recombination coefficient of GaInN/GaN multiple 
quantum wells with different dislocation densities," Applied Physics Letters, vol. 94, p. 
111109, 2009. 

[152] J. Xie, X. Ni, Q. Fan, R. Shimada, Ü. Özgür, and H. Morkoç, "On the efficiency droop in 
InGaN multiple quantum well blue light emitting diodes and its reduction with p-doped 
quantum well barriers," Applied Physics Letters, vol. 93, p. 121107, 2008. 

[153] T. Y. Seong, J. Han, H. Amano, and H. Morkoc, "III-Nitride Based Light Emitting Diodes and 
Applications," III-Nitride Based Light Emitting Diodes and Applications, vol. 126, p. 171, 
2013. 

[154] Z. C. Feng, III-nitride devices and nanoengineering. London: Imperial College Press, 2008. 
[155] Y. Sang-Youp, K. Joon Heon, J. Mun Seok, P. Seung-Han, and L. Jongmin, "Power 

Dependent Micro-Photoluminescence of Green-InGaN/GaN Multiple Quantum Wells," 
Japanese Journal of Applied Physics, vol. 50, p. 050204, 2011. 

[156] Y. Zhang, M. J. Kappers, D. Zhu, F. Oehler, F. Gao, and C. J. Humphreys, "The effect of 
dislocations on the efficiency of InGaN/GaN solar cells," Solar Energy Materials and Solar 
Cells, vol. 117, pp. 279-284, 2013/10/01/ 2013. 

[157] M. Hisashi, S. Junichi, P. Nathan, K. Ingrid, N. Shuji, and P. D. Steven, "Quantum-confined 
Stark effect on photoluminescence and electroluminescence characteristics of InGaN-
based light-emitting diodes," Journal of Physics D: Applied Physics, vol. 41, p. 165105, 
2008. 

[158] M. Hisashi, I. Tommy, C. S. Mathew, N. F. Natalie, S. Hitoshi, A. Hirokuni, et al., 
"Equivalent-Circuit Analysis for the Electroluminescence-Efficiency Problem of 
InGaN/GaN Light-Emitting Diodes," Japanese Journal of Applied Physics, vol. 47, p. 2112, 
2008. 

[159] A. David, M. J. Grundmann, J. F. Kaeding, N. F. Gardner, T. G. Mihopoulos, and M. R. 
Krames, "Carrier distribution in (0001)InGaN∕GaN multiple quantum well light-emitting 
diodes," Applied Physics Letters, vol. 92, p. 053502, 2008. 



204 
 

[160] S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, "Spontaneous emission of localized 
excitons in InGaN single and multiquantum well structures," Applied Physics Letters, vol. 
69, pp. 4188-4190, 1996. 

[161] Ü. Özgür, Y. Fu, Y. T. Moon, F. Yun, H. Morkoç, H. O. Everitt, et al., "Long carrier lifetimes 
in GaN epitaxial layers grown using TiN porous network templates," Applied Physics 
Letters, vol. 86, p. 232106, 2005. 

[162] H. Murotani, Y. Yamada, Y. Honda, and H. Amano, "Excitation density dependence of 
radiative and nonradiative recombination lifetimes in InGaN/GaN multiple quantum 
wells," physica status solidi (b), vol. 252, pp. 940-945, 2015. 

[163] S. Keller, G. Parish, P. T. Fini, S. Heikman, C.-H. Chen, N. Zhang, et al., "Metalorganic 
chemical vapor deposition of high mobility AlGaN/GaN heterostructures," Journal of 
Applied Physics, vol. 86, pp. 5850-5857, 1999. 

[164] J. W. Kim, C.-S. Son, I.-H. Choi, Y. K. Park, Y. T. Kim, O. Ambacher, et al., "Structural 
properties of AlGaN grown on sapphire by molecular beam epitaxy," Journal of Crystal 
Growth, vol. 208, pp. 37-41, 2000. 

[165] X. L. Wang, D. G. Zhao, D. S. Jiang, H. Yang, J. W. Liang, U. Jahn, et al., "Al compositional 
inhomogeneity of AlGaN epilayer with a high Al composition grown by metal–organic 
chemical vapour deposition," Journal of Physics: Condensed Matter, vol. 19, p. 176005, 
2007. 

[166] I. A. Ajia, P. R. Edwards, Z. Liu, J. C. Yan, R. W. Martin, and I. S. Roqan, "Excitonic 
localization in AlN-rich AlxGa1−xN/AlyGa1−yN multi-quantum-well grain boundaries," 
Applied Physics Letters, vol. 105, p. 122111, 2014. 

[167] M. Smith, J. Y. Lin, H. X. Jiang, A. Khan, Q. Chen, A. Salvador, et al., "Exciton-phonon 
interaction in InGaN/GaN and GaN/AlGaN multiple quantum wells," Applied Physics 
Letters, vol. 70, pp. 2882-2884, 1997. 

[168] A. Cros, H. Angerer, O. Ambacher, M. Stutzmann, R. Höpler, and T. Metzger, "Raman study 
of the optical phonons in AlxGa1−xN alloys," Solid State Communications, vol. 104, pp. 35-
39, 10// 1997. 

[169] A. Yasan, R. McClintock, K. Mayes, D. H. Kim, P. Kung, and M. Razeghi, 
"Photoluminescence study of AlGaN-based 280 nm ultraviolet light-emitting diodes," 
Applied Physics Letters, vol. 83, pp. 4083-4085, 2003. 

[170] S. J. Chung, M. S. Kumar, H. J. Lee, and E.-K. Suh, "Investigations on alloy potential 
fluctuations in AlxGa1−xN epilayers using optical characterizations," Journal of Applied 
Physics, vol. 95, pp. 3565-3568, 2004. 

[171] K. B. Lee, P. J. Parbrook, T. Wang, F. Ranalli, T. Martin, R. S. Balmer, et al., "Optical 
investigation of exciton localization in AlxGa1−xN," Journal of Applied Physics, vol. 101, p. 
053513 2007. 

[172] Y. P. Varshni, "Temperature dependence of the energy gap in Semiconductors," Physica, 
vol. 34, pp. 149-154, 1967. 

[173] N. Nepal, J. Li, M. L. Nakarmi, J. Y. Lin, and H. X. Jiang, "Temperature and compositional 
dependence of the energy band gap of AlGaN alloys," Applied Physics Letters, vol. 87, p. 
242104, 2005. 

[174] Y.-H. Cho, G. H. Gainer, J. B. Lam, J. J. Song, W. Yang, and W. Jhe, "Dynamics of anomalous 
optical transitions in Al_{x}Ga_{1-x}N alloys," Physical Review B, vol. 61, pp. 7203-7206, 
03/15/ 2000. 

[175] M. S. Gaponenko, A. A. Lutich, N. A. Tolstik, A. A. Onushchenko, A. M. Malyarevich, E. P. 
Petrov, et al., "Temperature-dependent photoluminescence of PbS quantum dots in glass: 



205 
 

Evidence of exciton state splitting and carrier trapping," Physical Review B, vol. 82, p. 
125320, 09/17/ 2010. 

[176] D. Kim, T. Kuwabara, and M. Nakayama, "Photoluminescence properties related to 
localized states in colloidal PbS quantum dots," Journal of Luminescence, vol. 119–120, 
pp. 214-218, 7// 2006. 

[177] J. S. Huang, Z. Chen, X. D. Luo, Z. Y. Xu, and W. K. Ge, "Photoluminescence study of 
InGaN/GaN quantum dots grown on passivated GaN surface," Journal of Crystal Growth, 
vol. 260, pp. 13-17, 1/2/ 2004. 

[178] A. Y. Polyakov, "Optoelectronic Properties of Semiconductors and Superlattice," in GaN 
and Related Materials II. vol. 2, S. J. Pearton, Ed., ed: Gordon and Breach, 2000, p. 203. 

[179] V. K. Dixit, S. Porwal, S. D. Singh, T. K. Sharma, S. Ghosh, and S. M. Oak, "A versatile 
phenomenological model for the S-shaped temperature dependence of 
photoluminescence energy for an accurate determination of the exciton localization 
energy in bulk and quantum well structures," Journal of Physics D: Applied Physics, vol. 
47, p. 065103, 2014. 

[180] J. Li, K. B. Nam, J. Y. Lin, and H. X. Jiang, "Optical and electrical properties of Al-rich AlGaN 
alloys," Applied Physics Letters, vol. 79, pp. 3245-3247, 2001. 

[181] M. Gurioli, J. Martinez-Pastor, M. Colocci, C. Deparis, B. Chastaingt, and J. Massies, 
"Thermal escape of carriers out of GaAs/Al(x)Ga(1-x)As quantum-well structures," 
Physical Review B, vol. 46, pp. 6922-6927, 09/15/ 1992. 

[182] P. R. Edwards, L. K. Jagadamma, J. Bruckbauer, C. Liu, P. Shields, D. Allsopp, et al., "High-
Resolution Cathodoluminescence Hyperspectral Imaging of Nitride Nanostructures," 
Microscopy and Microanalysis, vol. 18, pp. 1212-1219, 2012. 

[183] A. Pinos, V. Liuolia, S. Marcinkevičius, J. Yang, R. Gaska, and M. S. Shur, "Localization 
potentials in AlGaN epitaxial films studied by scanning near-field optical spectroscopy," 
Journal of Applied Physics, vol. 109, 2011. 

[184] A. Y. Polyakov, "Optoelectronic Properties of Semiconductors and Superlattice," in GaN 
and Related Materials II. vol. 2, S. J. Pearton, Ed., ed: Gordon and Breach, 2000, p. 183. 

[185] M. M. Muhammed, M. Peres, Y. Yamashita, Y. Morishima, S. Sato, N. Franco, et al., "High 
optical and structural quality of GaN epilayers grown on (2¯01) β-Ga2O3," Applied Physics 
Letters, vol. 105, p. 042112, 2014. 

[186] M. M. Muhammed, M. A. Roldan, Y. Yamashita, S. L. Sahonta, I. A. Ajia, K. Iizuka, et al., 
"High-quality III-nitride films on conductive, transparent (201)-oriented beta-Ga2O3 using 
a GaN buffer layer," Sci Rep, vol. 6, p. 29747, Jul 14 2016. 

[187] Z. Hajnal, J. Miró, G. Kiss, F. Réti, P. Deák, R. C. Herndon, et al., "Role of oxygen vacancy 
defect states in the n-type conduction of β-Ga2O3," Journal of Applied Physics, vol. 86, 
pp. 3792-3796, 1999. 

[188] M. Hisashi, N. Kazushiro, G. Ken, S. Kohei, K. Katsuaki, T. Quang Tu, et al., "Homoepitaxial 
growth of β-Ga 2 O 3 layers by halide vapor phase epitaxy," Applied Physics Express, vol. 
8, p. 015503, 2015. 

[189] S. A. Kukushkin, A. V. Osipov, V. N. Bessolov, B. K. Medvedev, V. K. Nevolin, and K. A. 
Tcarik, "Substrates for epitaxy of gallium nitride: New materials and techniques," Reviews 
on Advanced Materials Science, vol. 17, pp. 1-32, Mar 2008. 

[190] W. Mi, X. Du, C. Luan, H. Xiao, and J. Ma, "Electrical and optical characterizations of [small 
beta]-Ga2O3:Sn films deposited on MgO (110) substrate by MOCVD," RSC Advances, vol. 
4, pp. 30579-30583, 2014. 



206 
 

[191] V. N. Maslov, V. M. Krymov, M. N. Blashenkov, A. A. Golovatenko, and V. I. Nikolaev, 
"beta-Ga2O3 crystal growing from its own melt," Technical Physics Letters, vol. 40, pp. 
303-305, Apr 2014. 

[192] J. Zhang, C. Xia, Q. Deng, W. Xu, H. Shi, F. Wu, et al., "Growth and characterization of new 
transparent conductive oxides single crystals β-Ga2O3: Sn," Journal of Physics and 
Chemistry of Solids, vol. 67, pp. 1656-1659, 2006/08/01/ 2006. 

[193] Sangsig Kim, E. S. Jonathan, and P. H. Irving, "Optical Transmission, Photoluminescence, 
and Raman Scattering of Porous SiC Prepared from p -Type 6H SiC," Japanese Journal of 
Applied Physics, vol. 39, p. 5875, 2000. 

[194] K. Gurnett and T. Adams, "Native substrates for GaN: the plot thickens," III-Vs Review, vol. 
19, pp. 39-41, 2006/12/01/ 2006. 

[195] A. Hideo, N. Kengo, T. Hidetoshi, A. Natsuko, S. Kazuhiko, and Y. Yoichi, "Growth of β-Ga 
2 O 3 Single Crystals by the Edge-Defined, Film Fed Growth Method," Japanese Journal of 
Applied Physics, vol. 47, p. 8506, 2008. 

[196] S. Kiyoshi, G. V. Encarnación, D. Kay, Y. Keiichi, A. Kazuo, and I. Noboru, "Epitaxial Growth 
of GaN on (1 0 0) β-Ga 2 O 3 Substrates by Metalorganic Vapor Phase Epitaxy," Japanese 
Journal of Applied Physics, vol. 44, p. L7, 2005. 

[197] E. G. Villora, S. Arjoca, K. Shimamura, D. Inomata, and K. Aoki, "beta-Ga2O3 and single-
crystal phosphors for high-brightness white LEDs & LDs, and beta-Ga2O3 potential for 
next generation of power devices," Oxide-Based Materials and Devices V, vol. 8987, 2014. 

[198] E. G. Víllora, K. Shimamura, K. Kitamura, K. Aoki, and T. Ujiie, "Epitaxial relationship 
between wurtzite GaN and β-Ga2O3," Applied Physics Letters, vol. 90, p. 234102, 2007. 

[199] S. Ito, K. Takeda, K. Nagata, H. Aoshima, K. Takehara, M. Iwaya, et al., "Growth of GaN and 
AlGaN on (100) β-Ga2O3 substrates," physica status solidi (c), vol. 9, pp. 519-522, 2012. 

[200] M. A. Reshchikov and H. Morkoç, "Luminescence properties of defects in GaN," Journal of 
Applied Physics, vol. 97, p. 061301, 2005. 

[201] A. B. Slimane, A. Najar, R. Elafandy, D. P. San-Román-Alerigi, D. Anjum, T. K. Ng, et al., "On 
the phenomenon of large photoluminescence red shift in GaN nanoparticles," Nanoscale 
Research Letters, vol. 8, p. 342, July 31 2013. 

[202] J. Zhang and N. Tansu, "Improvement in spontaneous emission rates for InGaN quantum 
wells on ternary InGaN substrate for light-emitting diodes," Journal of Applied Physics, 
vol. 110, p. 113110, 2011. 

[203] H. Wang, Z. Ji, S. Qu, G. Wang, Y. Jiang, B. Liu, et al., "Influence of excitation power and 
temperature on photoluminescence in InGaN/GaN multiple quantum wells," Optics 
Express, vol. 20, pp. 3932-3940, 2012/02/13 2012. 

[204] D. Iida, A. Fadil, Y. Chen, Y. Ou, O. Kopylov, M. Iwaya, et al., "Internal quantum efficiency 
enhancement of GaInN/GaN quantum-well structures using Ag nanoparticles," AIP 
Advances, vol. 5, p. 097169, 2015/09/01 2015. 

[205] K. Takakazu, S. Yasuhiro, Y. Masaki, M. Kazuya, K. Hiromitsu, O. Hiroaki, et al., "Internal 
Quantum Efficiency and Nonradiative Recombination Rate in InGaN-Based Near-
Ultraviolet Light-Emitting Diodes," Japanese Journal of Applied Physics, vol. 51, p. 072102, 
2012. 

[206] O. Brandt, J. Ringling, K. H. Ploog, H. J. Wunsche, and F. Henneberger, "Temperature 
dependence of the radiative lifetime in GaN," Physical Review B, vol. 58, pp. 15977-15980, 
Dec 15 1998. 

[207] S. A. Safvi, N. R. Perkins, M. N. Horton, R. Matyi, and T. F. Kuech, "Effect of reactor 
geometry and growth parameters on the uniformity and material properties of 



207 
 

GaNsapphire grown by hydride vapor-phase epitaxy," Journal of Crystal Growth, vol. 182, 
pp. 233-240, 1997/12/02/ 1997. 

[208] I. Shalish, L. Kronik, G. Segal, Y. Rosenwaks, Y. Shapira, U. Tisch, et al., "Yellow 
luminescence and related deep levels in unintentionally doped GaN films," Physical 
Review B, vol. 59, pp. 9748-9751, 04/15/ 1999. 

[209] J. Dekker, A. Tukiainen, N. Xiang, S. Orsila, M. Saarinen, M. Toivonen, et al., "Annealing of 
the deep recombination center in GaInP/AlGaInP quantum wells grown by solid-source 
molecular beam epitaxy," Journal of Applied Physics, vol. 86, pp. 3709-3713, 1999. 

[210] V. Liuolia, A. Pinos, S. Marcinkevičius, Y. D. Lin, H. Ohta, S. P. DenBaars, et al., "Carrier 
localization in m-plane InGaN/GaN quantum wells probed by scanning near field optical 
spectroscopy," Applied Physics Letters, vol. 97, p. 151106, 2010. 

[211] Y. Li, D. P. Byrnes, and E. B. Stokes, "Effect of Barrier Growth Temperature on the Material 
Properties of InGaN/GaN Multiple Quantum Well Structures," ECS Journal of Solid State 
Science and Technology, vol. 2, pp. R267-R272, January 1, 2013 2013. 

[212] C. Du, X. Huang, C. Jiang, X. Pu, Z. Zhao, L. Jing, et al., "Tuning carrier lifetime in InGaN/GaN 
LEDs via strain compensation for high-speed visible light communication," Scientific 
Reports, vol. 6, p. 37132, 11/14/online 2016. 

[213] S. A. Al Muyeed, W. Sun, X. L. Wei, R. B. Song, D. D. Koleske, N. Tansu, et al., "Strain 
compensation in InGaN-based multiple quantum wells using AlGaN interlayers," Aip 
Advances, vol. 7, Oct 2017. 

[214] H. Hirayama, N. Maeda, S. Fujikawa, S. Toyoda, and N. Kamata, "Recent progress and 
future prospects of AlGaN-based high-efficiency deep-ultraviolet light-emitting diodes," 
Japanese Journal of Applied Physics, vol. 53, p. 100209, 2014. 

[215] M. Sakai, H. Ishikawa, T. Egawa, T. Jimbo, M. Umeno, T. Shibata, et al., "High-quality GaN 
growth on AlN/sapphire templates by MOVPE," in Compound Semiconductors 2001, Y. 
Arakawa, Y. Hirayama, K. Kishino, and H. Yamaguchi, Eds., ed, 2002, pp. 783-788. 

[216] T. Egawa, H. Ohmura, H. Ishikawa, and T. Jimbo, "Demonstration of an InGaN-based light-
emitting diode on an AlN/sapphire template by metalorganic chemical vapor deposition," 
Applied Physics Letters, vol. 81, pp. 292-294, 2002. 

[217] N. Kuwano, T. Tsuruda, Y. Kida, H. Miyake, K. Hiramatsu, and T. Shibata, "TEM analysis of 
threading dislocations in crack-free AlxGa1−xN grown on an AlN(0001) template," physica 
status solidi (c), vol. 0, pp. 2444-2447, 2003. 

[218] H. Wu, R. Zheng, Y. Guo, and Z. Sun, "PVT growth of AlN single crystals with the diameter 
from nano- to centi-meter level," Journal of Physics: Conference Series, vol. 864, p. 
012015, 2017. 

[219] N. B. Singh, A. Berghmans, H. Zhang, T. Wait, R. C. Clarke, J. Zingaro, et al., "Physical vapor 
transport growth of large AlN crystals," Journal of Crystal Growth, vol. 250, pp. 107-112, 
2003/03/01/ 2003. 

[220] Z. Bryan, I. Bryan, J. Xie, S. Mita, Z. Sitar, and R. Collazo, "High internal quantum efficiency 
in AlGaN multiple quantum wells grown on bulk AlN substrates," Applied Physics Letters, 
vol. 106, p. 142107, 2015. 

[221] M. Z. Peng, L. W. Guo, J. Zhang, X. L. Zhu, N. S. Yu, J. F. Yan, et al., "Reducing dislocations 
of Al-rich AlGaN by combining AlN buffer and AlN/Al0.8Ga0.2N superlattices," Journal of 
Crystal Growth, vol. 310, pp. 1088-1092, 2008/03/15/ 2008. 

[222] E. W. Weisstein. Function Centroid. Available: 
http://mathworld.wolfram.com/FunctionCentroid.html 

http://mathworld.wolfram.com/FunctionCentroid.html


208 
 

[223] H. Y. Fan, "Temperature Dependence of the Energy Gap in Semiconductors," Physical 
Review, vol. 82, pp. 900-905, 06/15/ 1951. 

[224] W. Liu, D. G. Zhao, D. S. Jiang, P. Chen, Z. S. Liu, J. J. Zhu, et al., "Temperature dependence 
of photoluminescence spectra for green light emission from InGaN/GaN multiple wells," 
Optics Express, vol. 23, pp. 15935-15943, Jun 15 2015. 

[225] Y. H. Cho, G. H. Gainer, A. J. Fischer, J. J. Song, S. Keller, U. K. Mishra, et al., "“S-shaped” 
temperature-dependent emission shift and carrier dynamics in InGaN/GaN multiple 
quantum wells," Appl Phys Lett, vol. 73, 1998. 

[226] R. C. Miller, D. A. Kleinman, W. A. Nordland, and A. C. Gossard, "Luminescence Studies of 
Optically Pumped Quantum Wells in Gaas-Alxga1-Xas Multilayer Structures," Physical 
Review B, vol. 22, pp. 863-871, 1980. 

[227] M. Gurioli, A. Vinattieri, M. Colocci, C. Deparis, J. Massies, G. Neu, et al., "Temperature-
Dependence of the Radiative and Nonradiative Recombination Time in Gaas/Alxga1-Xas 
Quantum-Well Structures," Physical Review B, vol. 44, pp. 3115-3124, Aug 15 1991. 

[228] Z. Liu, T. Wei, E. Guo, X. Yi, L. Wang, J. Wang, et al., "Efficiency droop in InGaN/GaN 
multiple-quantum-well blue light-emitting diodes grown on free-standing GaN 
substrate," Applied Physics Letters, vol. 99, p. 091104, 2011. 

[229] M. Binder, A. Nirschl, R. Zeisel, T. Hager, H.-J. Lugauer, M. Sabathil, et al., "Identification 
of nnp and npp Auger recombination as significant contributor to the efficiency droop in 
(GaIn)N quantum wells by visualization of hot carriers in photoluminescence," Applied 
Physics Letters, vol. 103, p. 071108, 2013. 

[230] F. Akyol, D. N. Nath, S. Krishnamoorthy, P. S. Park, and S. Rajan, "Suppression of electron 
overflow and efficiency droop in N-polar GaN green light emitting diodes," Applied Physics 
Letters, vol. 100, p. 111118, 2012. 

[231] M. M. Muhammed, N. Alwadai, S. Lopatin, A. Kuramata, and I. S. Roqan, "High-Efficiency 
InGaN/GaN Quantum Well-Based Vertical Light-Emitting Diodes Fabricated on β-Ga2O3 
Substrate," ACS Applied Materials & Interfaces, vol. 9, pp. 34057-34063, 2017/10/04 
2017. 

[232] W. D. Callister, Materials science and engineering : an introduction, 7th ed. New York: 
John Wiley & Sons, 2007. 

 


