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ABSTRACT 

Investigation of Emerging Materials for Optoelectronic Devices Based on 

III-Nitrides 

Mufasila Mumthaz Muhammed 

 

III-nitride direct bandgap semiconductors have attracted significant research 

interest due to their outstanding potential for modern optoelectronic and electronic 

applications. However, the high cost of III-nitride devices, along with low performance 

due to dislocation defects, remains an obstacle to their further improvement. In this 

dissertation, I present a significant enhancement of III-nitride devices based on emerging 

materials. A promising substrate, (-201)-oriented β-Ga2O3 with unique properties that 

combine high transparency and conductivity, is used for the first time in the development 

of high-quality vertical III-nitride devices, which can be cost-effective for large-scale 

production. In addition, hybridizing GaN with emerging materials, mainly perovskite, is 

shown to extend the functionality of III-nitride applications. As a part of this investigation, 

high-performance and high-responsivity fast perovskite/GaN-based UV-visible broadband 

photodetectors were developed.  

State-of-the-art GaN epilayers grown on (-201)-oriented β-Ga2O3 using AlN and 

GaN buffer layers are discussed, and their high optical quality without using growth 

enhancement techniques is demonstrated. In particular, a low lattice mismatch (⁓4.7%) 

between GaN and the substrate results in a low density of dislocations ~4.8×107 cm−2. To 

demonstrates the effect of (-201)-oriented β-Ga2O3 substrate on the quality of III-nitride 

alloys, high-quality ternary alloy InxGa1−xN film is studied, followed by the growth of high-
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quality InxGa1−xN/GaN single and multiple quantum wells (QWs). The optical 

characterization and carrier dynamics by photoluminescence (PL) and time-resolved PL 

measurements were subsequently performed. Lastly, to investigate the performance of a 

vertical emitting device based on InGaN/GaN multiple QWs grown on (-201)-oriented β-

Ga2O3 substrate, high-efficiency vertical-injection emitting device is developed and 

extensively investigated. The conductive nature of the substrate developed as a part of this 

study yields better current and heat characteristics, while its transparency ensures high light 

extraction. The straightforward and direct growth process employed does not require a 

high-cost complex fabrication process.  

Finally, a broadband photodetector composed of the emerging CH3NH3PbI3 

perovskite with the p-GaN, is developed. The findings reported in this dissertation 

demonstrate the superior performance of CH3NH3PbI3/GaN photodetectors produced by 

simple and cost-effective solution processed spray-coating method. In particular, it is 

demonstrated that perovskite/GaN device can work as a self-powered photodetector. 
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Chapter 1: Introduction 

1.1 Background and Applications 

Group III-nitrides (GaN, InN and AlN) are direct bandgap semiconductors which have 

received increasing research interest over the last few decades due to their potential 

applications in modern optics and optoelectronics. The 0.7 eV, 3.4 eV and 6.2 eV bandgaps 

for InN, GaN and AlN,1 respectively, provide prospect for a plethora of applications 

through bandgap tuning via alloying. Nanostructuring of the III-nitride allows the 

electrical, optical, and thermoelectric properties to be enhanced by optimizing the 

nanostructure dimensions, as their large surface area enables their use in a wide range of 

sensor applications.2,3 Owing to their exceptional qualities, such as strong atomic bonding,4 

high melting point, and high chemical and mechanical stability,5 the rise of III-nitrides has 

led to the emergence of cutting-edge environmentally friendly and highly stable 

applications.  

Owing to the aforementioned properties of the III-nitride-based optoelectronic 

devices, they have already found use in many fields, such as lighting, energy saving 

technologies,6 optical data processing and storage,7 fiber communication,8 traffic signals, 

mobile backlights, and medical applications, among others.3,9  

Alloying GaN with In and Al permits tuning the bandgap over the entire range, 

spanning from deep ultraviolet (UV) to the entire visible spectrum. Therefore III-nitride 

alloys are particularly suitable for applications in optoelectronic devices for solid state 

lighting such as light emitting diodes (LEDs),10 laser diodes (LDs),10 full color displays,11 

etc. GaN-based LEDs are capable of replacing the whole incandescent lighting system.12 
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Vertical-injection GaN-LEDs are of particular importance due to their applications in high-

efficiency and high-power devices.13,14 Vertical-LEDs provide many advantages over the 

conventional, lateral-injection LEDs, such as better current injection, excellent heat 

dissipation, enhanced electrostatic discharge, good chip-size scalability, and a simple 

growth and packaging process.14 

The wide bandgap energy range makes III-nitride materials good candidates for 

photodetector (PD),15 and solar cell16 applications since absorption edge of these materials 

can be varied to optimize device efficiency. GaN is extremely sensitive to UV radiation 

and can be integrated to visible light photodetector materials when device detection range 

needs to extend to visible light as well. This arrangement can result in a photosensitive PD 

device that operates in a wide spectral range (UV to Visible).  

High electron mobility, high breakdown field, and high heat conductivity17,18 are the 

main advantages of III-nitrides, as these traits are particularly desirable for high-speed, 

high power, electronics applications, such as high-electron mobility transistors (HEMTs), 

radio frequency power transistors and in-plane-gate-field-effect transistors.19-21 

1.2 Short History of III-Nitride Materials and LEDs 

The first AlN,22 GaN23 and InN24 compounds were developed during the early 20th 

century, preceding the conventional GaAs and Si semiconductors. However, as III-nitride 

synthesis was very difficult, no significant improvement was reported until 1960s. The first 

growth of GaN film was achieved in 1969 by hybrid vapor phase epitaxy (HVPE).25 This 

work was quickly followed by the first metal-organic chemical vapor deposition 

(MOCVD) and molecular beam epitaxy (MBE) growth, in 197126 and 1974,27 respectively. 
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Although scientific interest in LEDs was first initiated before 1907, it took several decades 

to develop the first p-n junction LED, owing to the pioneering work by Nathan in 1962.28 

In 1971, Pankove and co-workers fabricated the first III-nitride based LED using Zn-doped 

GaN and accidentally doped n-type GaN.29 Recall that during those times the 

implementation of pure III-nitride LED was extremely challenging due to the difficulties 

in producing high-quality GaN films and unfavorable p-doping of GaN material.30 Further 

advancement in this field was stimulated by the pioneering work of Asaki and coworkers 

in 1986. By using a combination of different growth temperatures for the buffer layer 

growth in MOCVD, they illustrated for the first time that high-quality GaN can be grown 

on sapphire substrates.31 Further advancements stimulated a novel two-flow MOCVD 

reactor designed by Nakamura. The improved design consists of a buffer layer that 

significantly minimizes the substrate and the GaN layer mismatch, resulting in high 

crystalline quality GaN films on sapphire.32 Subsequent works enabled the p-doping in 

GaN by introducing Mg as a dopant during the growth and subsequent annealing at high 

temperatures.30 A few years later, in 1993, the first successful blue LED was demonstrated 

by using InGaN/AlGaN double heterostructure active layers by Nakamura.33 The LED 

research that followed aimed to facilitate fabrication of white III-nitride-based LEDs. In 

1994, Nakamura developed the first white LED while working with Nichia Corporation.30 

Subsequently, UV LEDs were manufactured and different research groups at different parts 

of the world started working on projects aiming to replace conventional lighting systems 

with GaN-based LEDs, which enhanced the advancements in III-nitride optoelectronic 

device research. This work, in fact, motivated active researchers in many labs to fabricate 

GaN-based LEDs as a potential replacement for conventional lighting systems. It is 
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noteworthy that the 2014 Nobel Prize for Physics was awarded to Isamu Akasaki, Hiroshi 

Amano and Shuji Nakamura for their development of blue LEDs. 

1.3 Objective of the Dissertation 

The main objective of this dissertation is to investigate the enhancement in the quality 

and performance of III-nitride devices, which was achieved by employing potential 

emerging materials to obtain high-performance and cost-effective optoelectronic devices 

based on III-nitrides, such as vertical LEDs and photodetectors.  

1.4 Dissertation Contents 

This dissertation comprises of nine chapters. Chapter 1 provides the background, along 

with dissertation objectives. In Chapter 2, a brief summary of GaN material properties, 

growth technique, bandgap and recombination, commonly used substrates, and 

mechanisms of III-nitrides are given. Experimental techniques used in this work are briefly 

described in Chapter 3. The characterization of GaN epilayers grown on (-201)-oriented β-

Ga2O3 using AlN buffer layer is thoroughly discussed in Chapter 4. In Chapter 5, the 

demonstration of improved GaN epilayers by employing low-temperature grown GaN 

buffer layer is discussed, along with the analysis of InGaN thin film grown on the same 

substrate. The systematic study undertaken to investigate the characterization of 

successfully grown InGaN/GaN quantum wells with different InN concentrations is 

presented in Chapter 6. A high-quality InGaN blue vertical LED is demonstrated in Chapter 

7 and the structural, optical and electrical characterization results are explained. In Chapter 

8, the fabrication and the characterization of perovskite/GaN-based PD are discussed. 

Chapter 9 presents conclusions and future work. 
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Chapter 2: Fundamentals of III-Nitride Material Systems  

This chapter starts with a short overview of the III-nitride materials and their 

properties. Thus, after providing a brief introduction to the bandgap and crystal structure 

of III-nitrides (such as GaN, InN, and AlN), the different types of epilayer growth 

techniques are discussed, followed by a concise summary of the commonly employed 

substrates used for III-nitride material growth. The next section is designated for the main 

focus of the present study the emerging and most promising β-Ga2O3 substrate followed 

by the discussion about some fundamental theories on III-nitride semiconductors. Finally, 

the chapter closes with some useful insights into the quantum well structures and the 

working mechanism of light emitting diodes. 

2.1 Crystal Structure and Band Structure 

The most stable crystalline phase in which III-nitride semiconductors crystallize 

thermodynamically is wurtzite (hexagonal) structure. However, zincblende (cubic) and 

rocksalt (unstable) structures can be obtained under specific growth conditions.34 34 Figure 

2.1 shows the wurtzite (W) structure, where a denotes the distance between the atoms in 

the same lattice plane, and c represents the distance between two identical hexagonal lattice 

planes. The difference between the cubic and hexagonal phases stems from the stacking 

sequence of close-packed III-N planes.35 The zincblende (ZB) structure has an ABCABC 

stacking sequence and belongs to the space group F43m, while wurtzite structure has an 

ABABAB stacking sequence and belongs to the space group P63mc.10 Wurtzite structure 

lacks inversion symmetry, i.e., the centers of positive and negative charges are not 
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identical. The energy bandgap and the lattice parameters for the two III-nitride crystal (W 

and ZB) structures are given in Table 2.1.10,35   

 

Figure 2.1 (a) The wurtzite and (b) the zincblende crystal structures of GaN.36 

Table 2.1 Energy bandgaps and lattice parameters of bulk III-nitrides with different crystal 

structures obtained at room temperature (RT).10,35 The lattice parameters (a and c) are 

shown separately by adding them as superscripts to the values. 

Absence of center of symmetry in the wurtzite structure and the fact that the III-N bond 

has strong ionic character lead to spontaneous polarization. The lack of inversion symmetry 

also gives rise to special properties, resulting in polarization, such as piezoelectricity 

(phenomenon whereby introduction of an external strain on a crystal structure produces 

piezoelectric polarization).37 Mostly in the case of epitaxially layered structures like 

multiple quantum wells (MQW), III-nitrides also exhibit a strong piezoelectric polarization 

 
AlN GaN InN 

W ZB W ZB W ZB 

Energy gap (eV) 6.5 5.4 3.39 3.299 0.7 0.78 

Lattice parameters 

(Å) 

a3.111 

c4.979 

4.38 

 

a3.189 

c5.185 

4.50 

 

a3.538 

c5.703 

4.98 
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due to the sizable differences in lattice parameters. Nevertheless, strain in the layers starts 

to develop during the cooling down process of the grown samples, and is primarily 

attributed to the distinct thermal expansion coefficients. In this dissertation, hexagonal 

wurtzite structure nitride samples were grown on the substrate.  

 

Figure 2.2 RT Bandgap energy versus in-plane lattice parameter for III-nitride 

semiconductors used for electronic and optoelectronic devices.36 

The periodic arrangements of atoms in a crystal leads to the energy band formation of 

materials.38 The so-formed bandgap, in particular in semiconductors, is the major deciding 

factor that determines its applicability for various technological applications, including 

transport and optical properties. Interestingly, III-nitrides belong to direct bandgap 

semiconductors, in which top of the valence band and the minimum of the conduction band 

are positioned at the same value of crystal momentum. Although the various properties of 

III-nitrides are well documented, the most attractive technologically superior advantage of 

the III-nitride system is that, by alloying GaN (3.4 eV) with InN (0.7 eV) and/or AlN (6.2 
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eV), the bandgap can be tuned in a controllable manner.34 For alloys in general, and GaN 

alloys in particular, a pivotal parameter that has been used to tune the bandgap and to 

enhance the device performance at a particular wavelength is its composition. Additional 

flexibility in bandgap tuning has been achieved via ternary alloying (GaN with In or Al) as 

well as quaternary alloying (GaN with In and Al at same time). In the case of a ternary 

alloy, such as InxGa1-xN alloy as shown in Figure 2.2, the bandgap can be expressed as: 

𝐸𝑔(𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁) = 𝑥𝐸𝑔(𝐼𝑛𝑁) + (1 − 𝑥)𝐸𝑔(𝐺𝑎𝑁) − 𝑏𝑥(1 − 𝑥)  (2.1) 

where b is the bowing parameter depicting the level of the second-order correction.35 The 

III-nitrides and their alloys (In/Al-GaN) are direct bandgaps materials. The valence band 

exhibits non-parabolic dispersion relation Because of the crystal fields and spin-orbit 

coupling, while the conduction band is estimated to show a parabolic dispersion relation.35  

2.2 Optical Properties and Recombination Dynamics  

2.2.1 Luminescence Properties of Bulk III-Nitrides 

Electrons can be excited to the conduction band by photons, electrons or heat energy. 

These excited carriers can recombine either by radiative or non-radiative recombination 

process. Recombination is the process characterized by the interaction of an electron in the 

conduction band and a hole in the valence band, causing both to be annihilated/destroyed. 

Radiative processes are typically seen in luminescence spectra of the material, whereby 

photon is emitted. On the other hand, non-radiative recombination produces heat because 

of the carrier-phonon interaction and it is considered as undesirable.37  
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Figure 2.3 A low-temperature (10 K) PL spectra of GaN.  

In the radiative recombination process, if the excited electron returns directly to the 

valence band by emitting an energy equal to the bandgap, band edge emission is obtained. 

If the excited electron in the conduction band is attracted to the hole in the valence band 

by an electrostatic coulomb force, this electron-hole pair is called exciton. If these 

quasiparticles are free to move in the crystal, they are referred to as free excitons, while 

bound excitons are localized at the impurities or dopants. At low temperatures, excitonic 

recombination will be dominant, since the energy of emitted photon is smaller than that 

characterizing the bandgap.37 However, if the recombination occurs from the donor or the 

acceptor energy level, then the emitted energy is less than the bandgap and gives rise to 

donor acceptor pair (DAP) recombination. Mostly, DAP line shows longitudinal optical 

(LO) phonon replicas, as it is a phonon assisted recombination. DAP emission is typically 

visible at low temperatures, since it quenches at room temperature. Generally, free 

excitons, bound excitons and the DAP are denoted as near band edge (NBE) emission. A 
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broad yellow luminescence (YL) band is observed in GaN emission spectra in the 2.1−2.3 

eV range.39 This band is noted as a defect-related band. The ratio of the YL intensity by 

the NBE intensity is an estimation of optical efficiency of the material.40 The emission 

spectrum of a typical GaN material at low temperature is shown in Figure 2.3. 

Non-radiative recombination process involves carrier-phonon and carrier-carrier 

interactions and their mechanism comprises of a series of sub-mechanisms, such as carrier 

capture by defect levels (Shockley-Read-Hall (SRH) recombination), Auger 

recombination, and carrier escape through thermal emissions.41 A schematic of the possible 

recombination transitions and related energy levels in GaN39 are shown in Figure 2.4. 

In this dissertation, the recombination mechanisms of the III-nitride materials under 

consideration were investigated by temperature and power dependent photoluminescence 

(PL), as well as time-resolved PL (TRPL).  

 

Figure 2.4 Schematic of the recombination process in GaN. The blue solid lines represent 

the radiative recombination processes and the red dashed lines represent the non-radiative 

recombination processes. 



31 
 

2.2.2 Threading dislocations (TDs) in III-Nitrides  

Defect formation during the growth process is inevitable and it emerges in a variety of 

forms, including point defects coupled to a single atomic site; defects coupled with a 

direction (for example, threading dislocations (TDs)); line defects coupled to a plane or 

area (for example, grain boundaries, stacking faults, twins and inversion domain 

boundaries); and volume defects, such as voids, cracks and nanopipes.42 However, when 

using a substrate with a specific orientation, TDs are introduced in the material. TDs are of 

particular interest, since they have an effect on the quality of the grown material. TDs are 

formed mainly because of the heteroepitaxy and can be defined as abrupt changes in the 

regular ordering of atoms along a dislocation line in the solid. The interatomic bonds are 

highly distorted exclusively in the close vicinity of the dislocation and produce minor 

elastic deformations of the lattice at large distances that cause lattice distortion centered 

around a line.43  

 

Figure 2.5 Schematic of the edge and screw dislocations in the crystal structure.44 
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TDs are mainly classified into three types: edge, screw and mixed dislocations. When 

an extra half-plane of atoms is introduced due to stress, edge dislocation occurs, as shown 

in Figure 2.5. The screw dislocation occurs when the stress causes a slip in the crystal plane 

perpendicularly to the stress direction. Thus, the screw dislocation are produced by cutting 

the crystal halfway through and the upper part is shifted one lattice spacing over. In the 

mixed dislocations, the slip occurs in any direction relative to the stress direction.44 

TDs are characterized by the Burgers vector b, which describes the unit slip distance 

in terms of magnitude and direction. A pure edge dislocation is characterized by a type: b 

= 1/3<11-20 >, which is perpendicular to the dislocation line, whereas a pure screw 

dislocation is characterized by c type: b= [0001], which is parallel to the dislocation line. 

Mixed dislocation is characterized by c+a type: b = 1/3< 11-23 >45. However, TDs are 

mainly formed when GaN islands with slightly differing misorientation relative to the 

foreign substrate coalesce, or due to the tilt and twist of crystal grains resulting from the 

imperfect substrate surface.46 Nevertheless, TDs affect carrier mobility by acting as charge 

scattering centers.47 

The large lattice mismatch and thermal expansion coefficient difference between GaN 

and the commonly used sapphire substrate causes high threading dislocation density (TDD) 

in the range of 1010 to 1011 cm-2 during the initial period of GaN epitaxy research.48 

Significantly high TDD is shown in III-nitride semiconductors due to unavailability of 

lattice matched substrate compared to the other semiconductors (such as ZnO) as shown in 

the Figure 2.6. This high TDD affected performance of GaN devices depending on TDs 

through carrier scattering49 and non-radiative recombination. Many methods for growing 

high-quality GaN layers with TDD less than 107 cm-2, such as epitaxial lateral overgrowth 
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(ELOG),50 pendeo-epitaxy (PE),51 and lateral overgrowth from trenches (LOFT)52 have 

been proposed. In recent years, the patterned sapphire substrate (PSS) has proved to be 

another feasible approach for reducing the TDD through its geometrical effect.  

 

Figure 2.6 (a) Transmission electron microscopy (TEM) image showing a high dislocation 

density along imaging conditions g = (11-20) (top) and g = (0002) in GaN/sapphire 

substrate.53 (b) A dislocation-free interface between a-sapphire and c-ZnO.54  

2.2.3 Confinements in the III-Nitride Materials 

In semiconductors, the electrons in the conduction band and the holes in the valence 

bands are free to move in the bulk materials, while the movement can be controlled in two, 

three or zero dimensions by spatial confinement of electron and hole carriers. This 

geometrical confinement constraints introduce a quantum-size effect, which quantizes the 

continuous energy bands of a bulk states into discrete energy levels when the dimensions 

become as small as the exciton radius (< 10 nm) in semiconductors.3 This quantum 

confinement is significant for LED and laser applications, as the excitonic effects are 

highly pronounced in confined structures even at RT, given that the carrier confinement 
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reduces the effects of external perturbations in phonon interactions. Thus, such carrier 

confinement enhances the device performance at RT. Additionally, the confined structures 

provide a material with tuneable wavelengths by controlling nanostructure geometry. For 

example, when the nanostructure size decreases, the NBE emission experiences a blueshift 

as the separation of the quantized levels increases.55 At the same time, owing to the 

confinement effects, the electrons and holes remain in closer proximity than in the bulk, 

which increases the radiative recombination probability.56 

 

Figure 2.7 The density of states as a function of the spatial confinement. 

The density of states and the number of states available in the material system change 

according to the spatial dimensions of the confinement.57 The 2D confinement is called a 

quantum well (QW), the 1D confinement structure is denoted as quantum wire and the 0D 

confinement is a quantum dot. The density of states as a function of the spatial confinement 

(3D, 2D, 1D, and 0D) is shown in Figure 2.7.57 However, the present work focuses on light 
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emitting diodes with multiple QW structures. Thus, QWs are discussed in more detail in 

the following section. 

2.2.4 Optical Properties of III-Nitride Quantum Well (QW) 

A QW structure is a heterostructure that can be grown by sandwiching a very thin layer 

of one semiconductor (“well” − lower energy gap) material between other semiconductor 

(“barrier” − higher energy gap) layers. This structure will lead to unique optical properties 

that depend on quantum confinement of charged carriers.41 Quantum size effects become 

pronounced when the well thickness is comparable with the de Broglie wavelength of the 

electrons or holes. The motion of the electrons and holes will be quantized in the growth 

(z) direction (while the electrons travel freely in the other two directions), producing a 

series of discrete energy levels, as indicated by the dashed lines inside the QW shown in 

Figure 2.8. It is clear from Figure 2.7 that, in the QW, the density of states comprises of 

discrete steps, while that of bulk is characterized by a smooth square root dependence. The 

resulting quasi two-dimensional (2D) behavior and the quantization energy shift the 

effective band edge to a higher energy, which provides great flexibility in the art of bandgap 

engineering. Thus, the emission spectra of the PL will show an upshift in the peak energy. 

The quantum confinement of the carriers inside the QWs produces much more stable 

temperature-dependent PL spectra of the QWs compared to the bulk, as shown in Figure 

2.9. The PL spectrum of bulk GaN at RT is very week compared to that acquired at low 

temperature (the left panel of Figure 2.9). On the other hand, for the QW structure, the PL 

intensity is enhanced significantly at RT, as shown in the right panel of Figure 2.9. 
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Figure 2.8 Basic structure of a single QW. 

 

Figure 2.9 A comparison of PL spectrum of bulk GaN with that of a QW structure acquired 

at RT and at low temperature of 6K (taken from my work). 

In the present investigation that will be shown in this dissertation, multiple QWs served 

as the active region for the LED device. Specifically, as InGaN/GaN QW structures 

(InGaN well is sandwiched between GaN barriers) are grown along c-direction, the 

spontaneous and piezoelectric polarizations are important effects. Due to the electric field 
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introduced by these effects, the wave functions of holes and electrons are shifted into the 

opposite sides of the QW and the difference in the electron and hole energy levels is 

reduced compared to the electric field-free structure. This introduces a redshift in the 

emission wavelength, denoted as the quantum confined Stark effect (QCSE).58 QCSE 

causes reduction in the radiative recombination rate and affects the emission efficiency. 

2.3 III-Nitride Growth Techniques 

A panoply of state-of-the-art techniques is available nowadays for III-nitride 

material growth. This includes molecular beam epitaxy (MBE), hydride vapor phase 

epitaxy (HVPE), and metal-organic chemical vapor deposition (MOCVD). However, 

MOCVD is presently the most sought-after technique both in the industry and in research 

as a result of the remarkable control of the growth rates and high throughput that can be 

achieved. The simple schematic of the two-flow MOCVD reactor (Nichia MOCVD) 

showing the stream of gases and main components is given in Figure 2.10. 

 

Figure 2.10 The simple schematic of the MOCVD published by Nichia.32 
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In this dissertation all grown materials and devices have been fabricated by MOCVD. 

In MOCVD, the compounds are formed by a surface reaction between metalorganics and 

a hydride.59 The vapor species are thermally decomposed at the substrate surface, which 

acts as a catalyst, positioned on the heated holder hanging in the chamber. The process is 

well controlled and the byproducts are securely excluded. On the other hand, MBE 

technique offers the most competitive alternative to MOCVD, in particular for the epitaxial 

film processes. However, the real advantage of MOCVD over MBE stems from its faster 

yet thermodynamically favorable growth process, which occurs at a higher temperature and 

results in reduced dislocation density. In addition, in MBE systems, it is difficult to 

precisely monitor the growth rate due to high pressure, and the need to handle toxic gases 

is certainly a disadvantage. Owing to the aforementioned advantages, the MOCVD 

technique was employed in the present study to grow GaN epilayers and their alloys.4 The 

III-nitride materials are commonly grown on foreign substrate due to the lack of native 

substrate and high cost per device. In the subsequent section, the substrates used for GaN 

epitaxy are discussed. 

2.4  Challenges: Common Substrate Materials  

There is a multitude of important factors that determine the appropriateness of a 

material to be employed as a substrate for GaN epitaxy. Among these, the lattice parameter 

mismatch is the most influential, followed by the specific space group the crystal belongs 

to, its reactivity, and chemical, electrical and thermal properties, as well as the surface 

treatment. It is also important to mention that the substrate choice is instrumental in 

determining the GaN film quality, including the polarity, strain, surface morphology, 

crystal orientation, and the defect concentration of the grown GaN film. This clearly shows 
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that choosing the right substrate is essential, since it affects the device performance. A 

variety of materials have been employed for this purpose, spanning from nitrides and metal 

oxides to semiconductors.34 Currently, GaN materials are mainly grown on sapphire, Si 

and SiC substrates.34 In the following sections, some are briefly introduced. 

Sapphire was revealed as a useful substrate after the pioneering study conducted by 

Maruskas and Tietjen in 1969,25 who achieved GaN epitaxy HVPE. Even today, this 

substrate is widely used for GaN epitaxy. Sapphire has a hexagonal crystal structure and 

has a large lattice mismatch (> 15%) with GaN. Moreover, such a mismatch boosts high 

TDD (108-1010 cm-2)60 and biaxial stress in the grown layer due to its increased thermal 

expansion coefficient.61 In addition, as a result of its low value of thermal conductivity 

(approximately 0.25 W/cm K at 100 °C);15 its heat dissipating capacity is somewhat lower 

than that of other typical substrates.61 Moreover, as it is electrically insulating, this 

complicates device fabrication, since all electrical contacts are preferentially introduced at 

the front side of the device, making the area needed for devices prohibitively large. Another 

important limitation pertains to its oxygen doping (though accidental) to the nearby GaN 

layer, thus enhancing its background electron concentration.62 Nevertheless, the research 

community is working on mitigating the aforementioned problems and thus improving the 

quality of GaN epilayers grown on sapphire substrates. These efforts include different 

surface preparation techniques by wet etching and high temperature annealing, as well as 

introducing pores and nanostructures on the surface,63 which effectively reduces TDDs.  

Introduction of better lattice matched materials, such as AlN or GaN, as buffer layers 

between the substrates and the epilayers is one of the successful methods by which GaN 
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quality can be improved and the TDs reduced. Another effective method is nitridation of 

sapphire prior to the growth of a low temperature buffer (AlN or GaN). This method has 

several advantages, including increasing the electron mobility and reducing the yellow 

luminescence in deposited films.63 Another potential method is ELOG,64 which consists of 

several processing steps and results in deposition of very thick GaN films. Moreover, 

growing the epilayers on the patterned sapphire substrate (PSS) is proposed as a promising 

technique capable of improving device efficiency by reducing TDDs. It is a low cost 

technique that evades the process complications associated with ELOG. In addition, the 

patterning geometries were designed for highly efficient light extraction in a flip-chip 

architecture.65,66 

Silicon carbide favors hexagonal structure with 4H- and 6H-polytypes. This substrate 

is superior to the aforementioned sapphire substrate in many respects. Notably, it exhibits 

a minor lattice mismatch of only 3.1% and has a larger thermal conductivity of 3.8 W/cm 

K.34 Conductive substrates are currently available, making electrical contacts to the back 

side of the substrate possible, thereby simplifying the device structure compared to 

sapphire substrates. Substrates with carbon and silicon polarities are also available, 

potentially making control of the GaN film polarity easier. However, the wetting between 

GaN materials and SiC substrates is still very poor.67 Despite having many advantages over 

sapphire, the suitability of SiC is limited by the fact that it creates a high density (unwanted) 

defects in the GaN layer. Preparing smooth silicon carbide surfaces is difficult, which acts 

as a source of defects in the GaN epitaxial layer.68 Moreover, the thermal expansion 

coefficient of SiC is below that of AlN or GaN; thus, the films are typically under biaxial 

tension at RT. In addition, SiC causes the emergence of micropipes68 and the cost of silicon 
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carbide substrates is comparatively high.68 SiC causes the emergence of micropipes67 

during crystal growth which limits the use of the full wafer. Finally, conductive SiC is not 

transparent, leading to optical loses.  

Silicon (Si) can be considered an ideal substrate for GaN-based devices. Significant 

research activities have been carried out on Si, owing to the well-established Si technology 

despite its very high lattice mismatch (⁓15%) with GaN. Its earth abundance and low cost 

enable high-quality fabrication at a large scale. Several advantages have been reported for 

Si, including its desirable thermal conductivity under GaN epitaxial growth conditions, 

prompting its use for GaN devices.69 Regrettably, GaN epitaxial layers on silicon suffer 

many shortcomings as compared to the GaN epitaxial layers on sapphire or silicon carbide 

due to the large mismatch in both the lattice parametr and the thermal expansion 

coefficient. In addition, it forms unfavorable nitride layer when subjected to reactive 

sources.68 It should also be mentioned that GaN and AlN films grown on Si are highly 

defective, thus enhancing the non-radiative carrier recombination channels, which reduces 

the luminescence efficiency of many optoelectronic devices.70 Yet, despite the 

aforementioned shortcomings, many GaN-based devices employ Si substrates, including 

LEDs and HEMTs.71,72  

2.5 Addressing Challenges: Emerging Materials for Enhancing III-nitride-Based 

Devices 

In this dissertation, potential and widely applicable materials that can be integrated 

with GaN in the design of optoelectronic devices will be discussed, as the objective is to 

enhance the functionality of such devices. The focus will be mainly on two materials: (-
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201)-oriented β-Ga2O3 as a substrate for vertical III-nitride-based emitting devices and 

CH3NH3PbI3 organic-inorganic halide perovskite material for GaN-based UV-visible 

broadband PD applications. 

2.5.1 β-Ga2O3 Substrate 

Due to high cost of III-nitride materials and dilemma in large quantity production, the 

commercial use of native GaN substrate is still not preferred. Therefore, researchers make 

use of heteroepitaxy by growing III-nitride devices on a foreign material substrate. In the 

previous section, the disadvantages and growth challenges of III-nitride materials grown 

on commonly used substrates were discussed.34 Moreover, VLEDs are currently attracting 

considerable market interest, due to their numerous advantages, such as high reliability, 

good chip-size scalability, and uncomplicated packaging process.14 Generally, LEDs are 

fabricated on insulating sapphire substrate with a lateral injection geometry, in which the 

current crowding effect arises due to nonuniform current distribution and junction 

potential. This deteriorates LED performance and shortens the device lifespan. Forseeing 

their potentially promising applications, VLEDs are made using sapphire-grown nitride 

material, which demands sopphasticated and costly post-growth techniques. The process 

involves complex steps. For example, the insulating sapphire substrate must be removed 

by wafer bonding and lift-off process to achieve vertical injection. The obtained VLED 

structure must be subsequently transferred to a conducting carrier substrate. Furthermore, 

this transfer process may cause damage to the GaN surface layers, resulting in structural 

defects and cracks in the epitaxial layers that degrade device performance.73,74 In addition, 

high cost SiC and GaN substrates are not suitable for deep UV AlGaN LEDs.75,76 
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- Background  

The preceding discussions point to the urgent need for an alternative low-cost 

substrate that is both transparent and conductive and exhibits low lattice mismatch, while 

possessing comparable thermal coefficient with the GaN material. Such a substrate has 

been reported that has a low lattice mismatch with GaN and maintains both the high 

transparency of sapphire and the conductivity of SiC, which is monoclinic (-201)-oriented 

β-Ga2O3. Our conductive substrate grants simplified device fabrication by making 

electrical contacts at the back and front sides, facilitating the vertical injection that 

improves the current and heat distribution and avoid current crowding effect. Moreover, 

the transparency of the device improves the total light extraction from the device. (100)-

oriented β-Ga2O3 has already been used as a substrate to grow GaN material by different 

techniques including MBE77,78 and MOCVD.79-81 However, the strong cleavage nature of 

the (100) plane causes the peeling off of the epilayers and detach from the substrate results 

complications while dicing and influence the stability of the device. In this dissertation, we 

investigate the structural, optical, and electrical properties of GaN epilayers, InGaN thin 

film, and InGaN SQW and MQW structures and high-quality vertical LED grown on (-

201)-oriented β-Ga2O3 substrates.82  

- β-Ga2O3 crystal structure:  

Among all the Ga2O3 polymorphs (α, β, γ, δ, and ε) reported to date, β-Ga2O3 is the 

most stable one. Its crystal structure was revealed in 1960.83 It belongs to the monoclinic 

system, with space group C2/m and the unit cell shown in Figure 2.11. It exhibits 2-fold 

symmetry around the b-axis. Monoclinic β-Ga2O3 is a good candidate as a substrate for the 

growth of III-nitride materials, as it combines the unique properties of sapphire (high 
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transparency) and SiC (high conductivity). The latter feature is reported to be highly 

enhanced when it is doped with tin (Sn), which results in conductivity of 1 Scm-1.84 -Ga2O3 

belongs to the group of transparent conductive oxides (TCO), among which it possesses 

the largest bandgap of Eg = 4.8 eV (260 nm).85 Thus, it is characterized by unique 

transparency, extending from the visible into the UV spectral region. This is an important 

property for the future generations of optoelectronic devices emitting blue and UV light. 

The lattice mismatch between β-Ga2O3 and GaN was found to be small (a minimum in-

plane mismatch of about 2.6% for the in-plane epitaxial relationship (011) β-Ga2O3 || 

(101̅0) GaN was noted).86 Some preliminary work on MBE growth of GaN monoclinic 

(100) β-Ga2O3 has already been reported, although the attained GaN quality was low. In 

addition, the reproducibility of these approaches is currently limited,87 due to the cleavage 

of the Ga2O3 (100) plane, which causes striping of the epilayer and substrate.  

 

Figure 2.11 Unit cell of β-Ga2O3.88 
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2.5.2 Functionalizing with Perovskites  

GaN is used for photodetector applications due to its high UV light detection capability. 

By hybridizing GaN PD with perovskite, unique advantages of organic-inorganic halide 

perovskite materials can be obtained, such as wide spectral detectivity (visible and IR), 

high charge-carrier mobility, and effective light absorption properties.89,90 

Methylammonium lead iodide (CH3NH3PbI3)91-94 has been studied by many researchers 

due to its direct bandgap and ability to detect a broad spectrum of visible light. In addition, 

such material has unique properties include high light absorption coefficient, easy 

preparation by solution processing, long charge diffusion length, ambipolar charge 

transport characteristics,94 high mobility,95 high dielectric constant,96 low binding energy97 

and no need for high-temperature preparation.98-100 Thus, integrating the CH3NH3PbI3 

perovskite hybrid with the highly stable and UV-sensitive GaN will lead to broadband PDs 

with a wide range of potential applications.  

- Perovskite CH3NH3PbI3 crystal structure:  

Three-dimensional methylammonium lead halide perovskites have ABX3 chemical 

formula, where A denotes the organic cation (CH3NH3
+), B is the inorganic cation (Pb+), 

and X represents the halide anion part (Cl-, Br-, or I-). By changing the halide component 

in (X) we can tune the bandgap properties to obtain a specific spectral response and 

physical properties.101,102 In addition, the density of defect states inside the bandgap was 

found to be very low in these perovskite materials.103 The basic structure of a lead halide 

perovskite crystal is shown in Figure 2.12. The 3D network structure of the perovskite 

comprises of eight octahedral structures (PbI6) with Pb at the center.104 In the extended 
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form of the crystal, corners of the aforementioned octahedrals are shared, with the 

CH3NH3
+ cation at the center effectively surrounded closely by twelve iodide ions, as 

shown in Figure 2.12. CH3NH3PbI3 mainly exhibits a tetragonal structure at room 

temperature in the tetragonal space group, I4cm. CH3NH3PbI3 mainly exhibits a tetragonal 

structure at RT in the tetragonal space group, I4cm.104 As a matter of scientific interest, 

CH3NH3PbI3 exhibits ambipolar behavior, which is an important property for innovating 

PD designs.94 This ambipolar charge-transport allows them to behave as n-type as well as 

p-type semiconductors, depending on the kind of junction assembled with the adjacent 

layer. The ambipolar behavior and high absorption coefficient of CH3NH3PbI3 were found 

because of the direct bandgap and small effective mass of holes (0.29m0) and electron 

(0.23m0).105-107 

 

Figure 2.12 A schematic illustration of methylammonium lead iodide (CH3NH3PbI3) 

crystal structure.101 

2.6 Optoelectronic Devises Based on III-Nitrides  

GaN and III-nitride alloys (InN and AlN) have attracted great research interest over 

the past few years and have triggered cutting-edge innovations for different applications, 
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such as emitting devices, photodetectors, sensors and transistors and invertors. However, 

in this dissertation, the focus in on the theory of vertical LED and photodetectors.  

2.6.1 Vertical LED Working Principle 

 

Figure 2.13 (a) Schematic of a simple VLED grown on β-Ga2O3 substrate and (b) schematic 

diagram of a MQW structure. 

A schematic of a typical InGaN/GaN vertical injection LED on a conductive and 

transparent (-201)-oriented β-Ga2O3 substrate is shown in Figure 2.13a. The band structure 

of a MQW structure is shown in Figure 2.13b to show the recombination in the QW. The 

simple structure of VLED has an n-doped GaN layer, an active region where the 

recombination occurs (InGaN/GaN multi-quantum well), and a p-doped GaN layer. The n-

doped GaN layer is doped with silicon while p-GaN is doped with Mg. In this dissertation, 

the active region consists of InGaN quantum well (QW) and GaN quantum barrier (QB). 

The carriers are injected by an external source through the bottom and top contacts and 

migrate to the active regions, while the radiative recombination occurs at the quantum well. 

Growth of high-quality and thick p-GaN is challenging. Consequently, the number of 
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carriers in the p-type layer is by at least one order of magnitude smaller than that of the n-

GaN, which causes an overflow of electrons from the n-GaN to p-GaN and diminishes 

LED efficiency. A high-energy bandgap epilayer, called electron blocking layer (EBL), 

can be used to confine the electrons in the active region.108  

- Internal quantum efficiency (IQE) and efficiency droop 

Internal quantum efficiency (IQE) is one of the efficiency evaluation parameters for 

emitting devices, and can be defined as the ratio of the injected carriers to the internally 

emitted photons. When a number of carriers is injected optically or electrically, some will 

not undergo radiative recombination.66 IQE shows the proportion of the radiative process 

in the active region that results in phonon emission. IQE is primarily related to the quality 

of the active layer, which is determined by the growth process, quality of the other 

epilayers, wetting between the substrate and the layers, TDs, etc. IQE can be calculated 

from PL or by electroluminescence (EL) measurements. The IQE efficiency ηIQE can be 

written as:66 

𝜂𝐼𝑄𝐸 =
𝐼𝑟

𝐼𝑟+𝐼𝑛𝑟
=

1

1+
𝐼𝑛𝑟

𝐼𝑟
⁄

 ;     (2.2) 

where Ir is the radiative recombination current and Inr is non-radiative current.  
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Figure 2.14 Schematic demonstration of different current mechanisms in an LED 

structure.66 

Normally, IQE is high and LEDs work better in the low injection current operation. 

When the injection current increases, efficiency declines, and is denoted as efficiency (or 

IQE) droop. Different reasons have been proposed for the droop effects in GaN-based 

LEDs, including electron leakage, Auger recombination, etc. 66 In an LED structure, at high 

carrier injection process, the possible recombination currents at room temperature around 

the active area can be classified as (Figure 2.14): (1) The radiative and non-radiative 

recombination at the p-GaN due to the overflow of the carriers; (2) the current due to the 

leakage of the electrons from the active region; and (3) radiative recombination and non-

radiative recombination via SRH and Auger process inside the active region.66 Figure 2.15 

shows the effect of these three currents in the IQE measured via EL experiment.66 From 

Equation 2.2, it is clear that non-radiative current contributes the most to the IQE value and 

is thus deemed the main mechanism behind the IQE droop.109 However, the saturation of 

the radiative recombination and subsequent increase in the non-radiative recombination 

may also cause the droop.110  
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Figure 2.15 IQE curves corresponding to the three different recombination currents due to 

overflow (concave shape), tunneling (linear shape) and SRH (convex shape). 66 

2.6.2 Photodetectors (PDs) Based on III-Nitrides 

A PD is a device that detects light energy. The photoelectric effect of converting light 

energy to electrical current allows the detected light to be measured. Currently, 

photodetectors are being developed for many promising applications, such as optical 

communication, biological sensing, chemical detection, environmental monitoring, 

surveillance and image sensing.111-113 When the light is incident on a semiconducting 

material, because of the photoexcitation, an electron-hole pair is generated and the 

movement of these carriers results in an electric current. An external electric field (or a 

built-in electric field) is required to guide the generated carriers to produce a current 

(photocurrent). Inorganic semiconductors, such as Si and III-nitrides, are widely used for 

PD applications.114,115 Figure 2.16 shows a schematic and operation of a simple 

semiconductor PD device.  
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Figure 2.16 A simple schematic diagram of a semiconductor PD. The solid line represents 

the electron current and the dashed line represents the hole current.  

GaN PDs are highly suitable for UV-light detection applications, but are not 

recommended for visible light detection. However, to detect a week visible light, it is not 

advisable to use conventional inorganic semiconductor-based PDs (even GaN and Si-based 

PDs) since low-temperature operation is needed to minimize the dark-current effect.116,117 

Use of a preamplifier, which introduces noise effects, could be a possible solution, albeit 

at a high cost per device.118 Therefore, there is a need to develop such devices to overcome 

such an issue. Therefore inorganic/perovskite devices can be used to address this problem.  

- Working principle of perovskite PD 

PDs generally work under an external electric field in which the transport of the 

photogenerated carriers is enhanced by the externally applied electric field, which increases 

the drift velocity of the charge carriers and allows the trapped carriers to be released. The 

inorganic semiconductor PDs, such as GaN PDs, work under the reverse bias conditions 

and the photocurrent is quantified according to the illuminated light intensity. However, 
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this mechanism is not applicable for the perovskite PDs. Due to the ambipolar nature of 

the organic-inorganic hybrid lead halide perovskites, the flow of charge carriers as well as 

the applied bias are purely dependent on the workfunction of the material adhering to the 

perovskite layer and the device architecture.94 Therefore, the device architecture plays a 

crucial role in these PDs, which can be based on a lateral or a vertical design. Vertical 

devices show better response since a thin layer of perovskite is enough for a good light 

detection, as explained earlier. However, in vertical design, the imperfections at the 

interfaces cause faster device degradation under external bias.119 The lateral design 

overcomes this disadvantage. In addition, at high external electric field, the performance 

of such device depends solely on the quality of the perovskite photoactive area.120 The 

charge carrier behavior and the transport properties in the perovskite PD are in fact, highly 

complex because of the ionic conductivity inside the perovskite material. Xiao et al. have 

shown that the ion movement in the perovskite materials proceeds in a complex manner 

when electric field is applied.121  

- Figure-of-merit parameters for PD 

In this section, we shall explain some of the important figure-of-merit parameters employed 

to characterize our PD.  

Responsivity (R): When electromagnetic radiation is incident on the PD, excitation of the 

charge carriers occurs. As a consequence, a photocurrent generated corresponding to 

incident energy is produced. The responsivity is an indication of the response efficiency of 

the PD to a light signal and is defined as the ratio of the generated photocurrent to the 

incident light intensity.122  
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𝑅 =
𝐽𝑃ℎ

𝐿𝑙𝑖𝑔ℎ𝑡
   [A/W];     (2.3) 

where Jph is the photocurrent and Llight is the incident light intensity. 

Detectivity (D*): Detectivity is an important parameter, since it allows estimating the 

minimum amount of light energy a PD can detect. It can be given as the ratio of 

responsivity, R, over the noise current density. D* is expressed as: 

𝐷∗ =
𝑅

(2𝑞𝐽𝑑)
1

2⁄
 ;     (2.4) 

where q is the absolute value of electron charge and Jd is the dark current density.123  

Dark current: The dark current can be defined as the static current flow in the PD device 

when it is not exposed to any light source. In perovskite PDs, the main source of the dark 

current is the leakage current from trapped charge carriers from the material imperfections 

inside the bulk, as well as at the interfaces. It can also be due to the thermionic emission 

resulting from the heat or tunneling inside the material. In a PD, the dark current introduces 

noise and affects its responsivity, detectivity, and signal-to-noise ratio. It is important to 

minimize the dark current for a better PD performance.124 

Response speed: The response speed of a PD is expressed in terms of the rise time (tr) and 

fall time (tf). The former can be defined as the time difference between 10% and 90% of 

the highest photocurrent value when the PD is switched on and the latter represents the 

time difference between 90% of the highest photocurrent to 10% of its value. Fast response 

is always desirable for a better device performance.124 
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Chapter 3: Experimental Techniques 

This chapter comprises of three sections in which the characterization techniques 

employed in this study are discussed. The structural, optical and electrical characterization 

techniques are introduced, and are accompanied by schematic diagrams for ease of 

understanding. 

3.1 Structural Characterization 

3.1.1  X-ray Diffraction (XRD) 

XRD measurements were carried out to examine the epitaxial relationship of the film 

and substrate, the structural properties, the crystal quality and the strain. The XRD on a 

parallel plane is shown in Figure 3.1. The inter-planar distance d can be calculated by using 

Bragg’s law for a specific incident wavelength λ and at an angle of incidence θ as 

follows:125  

𝑛𝜆 = 2𝑑 𝑆𝑖𝑛𝜃          (3.1) 

 

Figure 3.1 The x-ray diffraction from lattice planes, following Bragg’s law. 
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The reciprocal space analysis is an easier way to understand the three-dimensional 

crystal structure in which the lattice points are the Fourier transform of the real lattice. In 

reciprocal space, Laue equation (equivalent to Bragg’s law) is used. 

�⃗� =  𝑘𝑒
⃗⃗⃗⃗⃗ − 𝑘𝑖

⃗⃗⃗⃗        (3.2) 

where the incident wave vector is denoted by 𝑘𝑖
⃗⃗⃗⃗ , the scattered wave is 𝑘𝑒

⃗⃗⃗⃗⃗ and the 

scattering vector is represented by �⃗�. The relationship between �⃗� and the lattice spacing 

𝑑ℎ𝑘𝑙 is given by: 

|�⃗�| = 1
𝑑ℎ𝑘𝑙

⁄        (3.3) 

However, the lattice parametrs can be derived from the (hkl) lattice planes in the case of 

the wurtzite structure GaN with lattice parametrs a and c given as:4 

1

𝑑ℎ𝑘𝑙
2 =

4

3
 .

ℎ2+𝑘2+ℎ.𝑘

𝑎2
+

𝑙2

𝑐2
       (3.4) 

When performing θ-2θ scan, the incident beam angle and the detection angle are 

concurrently changed to reveal the crystal structure. The rocking curve scan (RC) is 

performed to estimate quantitatively the crystal quality and can be compared by calculating 

the full width at half maximum (FWHM) of the obtained peak. Reciprocal space maps 

(RSM) are predominantly used to investigate the strain and composition distribution in the 

wurtzite nitride structure directly.126 Pole figure measurements allow obtaining textural 

(preferred crystallographic orientation) information about the sample as an average over a 

large area or volume.  
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For the studies reported in this dissertation, while 2-θ and RC scans were carried 

out by me as a part of this dissertation study, asymmetric reciprocal space maps (RSMs), 

RC scans and pole figures were performed by the Dr Katharina Lorenz’s group 

(Universidade de Lisboa, Portugal).  

 

Figure 3.2 Basic schematic diagram of Brucker D8 Discover diffractometer.127 

3.1.2  Atomic Force Microscopy (AFM) 

The morphological properties of sample surface were measured and characterized 

via atomic force microscopy (AFM), a type of scanning probe microscopy.128 The surface 

morphology, roughness and microstructural defects of the epilayers were investigated by 

AFM using a probe.  

Figure 3.3 shows the working principle of the AFM system in detail. Quantification 

of TD densities in AFM relies on the fact that the termination of TDs at an epilayer surface 

gives rise to a small pit, a topographic change that can be imaged in AFM. However, for 

as-grown GaN epilayers, the pits relating to edge-type TDs are extremely small and success 

in imaging these pits is highly dependent on the tip choice and the techniques used to 

increase the size of the pits.129  
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For the studies reported in this dissertation, all the AFM measurements were 

conducted by me. 

 

Figure 3.3 Schematic diagram of AFM measurement setup. 

3.1.3  Transmission Electron Microscopy (TEM) 

TEM imaging is one of the most modern microscopy techniques in which electron 

beam is transmitted through a very thin specimen of the sample to form an image. TEM 

has extremely high magnification due to the lattice-comparable electron wavelength and 

specimen size. It can thus be used to investigate crystalline structure, stress, internal 

fractures, contamination or even the material composition within a sample at the atomic 

resolution. The interaction with the electron beam and the specimen is shown in Figure 3.4. 

As electron beams arrive at the specimen, individual electrons interact with the atoms in 

the material. The sample is sufficiently thin to allow most of the electrons to pass through 

without any energy loss. However, a small portion will lose energy and experience inelastic 

scattering.130 
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Figure 3.4 The electron beam interactions with a TEM specimen.  

Figure 3.5 shows a simple layout of the components of a basic TEM.131 The TEM 

operation requires a high vacuum, the electron gun is the source of the beam, condenser 

system focuses light on the specimen, and the imaging system focuses the electrons passing 

through the specimen to an extremely magnified image by using objective lens, movable 

specimen stage, and intermediate and projector lenses. A fluorescent screen and digital 

camera are used to record the image. 

The sample should be carefully prepared for TEM, since the thickness of the 

lamella should be in nanometer scale to allow the electrons to be transmitted through the 

material. Scanning-TEM (STEM) mode was also used in some of this work, in which a 

collimated/focused and narrow beam of electron is employed for the transmission, and 

scanning coils are used to scan this beam. High-angle annular dark field (HAADF) 

configuration was adopted, in which ring-shaped detector is used to detect electrons 

scattered when the main beam passes through the sample, while ignoring the directly 
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transmitted beam. In addition, energy dispersive x-ray spectroscopy (EDX) technique was 

often employed alongside TEM, as this arrangement allows collecting x-rays emitted when 

the illuminating electron is absorbed by the sample cross-section. As this x-ray corresponds 

to the band structure identity of each atom, it allows the chemical composition of the cross-

section to be mapped.  

 

Figure 3.5 A schematic diagram of a basic TEM layout.131 

In the work reported in this dissertation, digital micrograph software (Gatan) was 

employed to analyze the data and Geometric Phase Analysis (GPA)132 plug-in package 

(HREM Research Inc.) was used to get the strain maps from the HAADF images. The TEM 

machines used for different sample analysis were different and the specification will be 

noted in corresponding sections in details.  

The TEM experiments were conducted by KAUST core lab scientist, Dr. Sergei 

Lopatin and Dr. Manuel Roldangutierrez.  
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3.1.4  Focused Ion Beam (FIB)  

Focused ion beam (FIB) microscopes are widely employed for TEM sample 

preparation. FIB has a similar operation principle to SEM, with the exception of using well-

focused ion beams instead of electron beam. The ion beam current can be varied for 

imaging and material deposition or milling. A thin carbon film is deposited initially, 

followed by a thicker platinum (Pt) film to protect the sample surface. Heavy Ga+ ions are 

used that are ions originate from a metal source in (liquid). A thin portion of interest (⁓15×5 

µm2) is selected from the sample surface and the area around the selected segment is milled 

to create a trench-like portion. Then the thin slab-like cross-section is cut carefully from 

the sample and attached to an omni-probe located inside the FIB by using Pt. This material 

is transferred to a grid and polished carefully by vertical milling until the dimensions 

suitable for the TEM experiment are obtained. The steps in making the lamellar sample are 

shown in Figure 3.6. The two-beam FIB-SEM systems are typically used for the lamella 

preparation. The electron beam and the ion beam are positioned at a tilt angle of 52 degree 

relative each other. 133 

For TEM lamella preparations in the study reported in this dissertation, a FEI 

Quanta 3D FEG dual beam system and FEI Helios focused ion beam scanning electron 

microscope under high vacuum were employed in the present studies reported in this 

dissertation.  

All the cross-sectional and plan-view TEM specimens were prepared by me.  
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Figure 3.6 The steps of TEM cross-section lamella preparations by FIB. In step 1, the C 

and Pt protection layers are deposited followed by milling to make trenches on booth side 

(step 2). U-cut is made in step 3 and transferred to omniprobe in step 4 eventually 

transferred to a grid (step 5). Final polishing of the lamella is performed by ion beam and 

e-beam in step 6.  

3.2 Optical Characterization 

3.2.1  Photoluminescence (PL) 

PL is defined as the process radiation emission induced by the optical excitation in 

the sample by using an external light source. The absorption of photons generates electrons 

and holes within the sample, which recombine radiatively with emission of photons or non-

radiatively. The analyses of the PL results are critical since they are sensitive functions of 

measurement temperature, carrier concentration and defect states in the crystal. The 

emitted light energy is related to the bandgap of the material and quantity of the emitted 

light is associated with the relative contribution of the radiative recombination. The 

radiative recombination process can include the photons emitted by the recombination from 
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band-to-band, bound and free excitons, while donor-acceptor recombination includes 

donor-bound electrons to free holes in the valence band and free electrons in the conduction 

band to acceptor bound holes.134  

A schematic illustration of the PL setup used in the present studies is shown in 

Figure 3.7. The nondestructive PL method was employed to investigate the optical 

properties of the GaN films and LEDs by using as a monochromatic excitation source. The 

beam was focused to the sample mounted in a xyz-controllable closed-cycle Helium 

cryostat (for low temperature) at high vacuum. The emitted spectra from the sample were 

collected by lens and focused to the slit of the spectrograph attached to a charge-coupled 

device (CCD) camera. The Andor Solis software was used for the image capture control 

and for data analysis.  

 

Figure 3.7 Schematic diagram of the PL setup used in the present studies. 

The temperature dependent PL (TDPL) measurements were carried out to study the 

carrier behavior as the temperature changes, as this helps to elucidate the efficiency of the 
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material. This method is particularly helpful for investigating the carrier confinement 

behavior inside the quantum well structures and LEDs. The IQE values can be directly 

estimated by the ratio of the integrated PL intensity at RT to that obtained at the lowest 

possible temperature, under the assumption that the non-radiative centers are completely 

frozen at the lowest temperature. Power dependent PL (PDPL) is another PL technique 

employed in this study which is also helpful to understand the efficiency of the structures 

used. The excitation source power controlled by placing neutral density (ND) filters in the 

beam path.66  

All PL measurements and analyses discussed in this dissertation have been carried 

out by me.  

3.2.2  Time-Resolved Photoluminescence (TRPL) 

Measurements of carrier lifetimes in semiconductors are essential for the development 

of advanced optoelectronic devices with specific characteristics. The development of 

ultrafast lasers and femtosecond resolving detectors has allowed researchers to study the 

carrier recombination dynamics of semiconductors. TRPL is a particularly useful approach 

compared to standard continuous wave PL. By replacing the excitation source with a pulsed 

laser, the PL spectrum can be sampled at different times after the pulse was incident on the 

sample.  

In our laboratory a streak camera is used as a detector, which monitors not only the PL 

spectrum at different points in time, but also sample the PL intensity decay as time passes. 

TRPL setup is one of the most sophisticated optical characterization techniques we have in 

our lab. It includes Ti:sapphire ultrashort pulsed laser system combined with a pump laser. 
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Laser is followed by a pulse picker, which helps in selecting pulse durations, ranging from 

femtosecond to picosecond. Ti:sapphire laser system is provided by further wavelength 

tuning capacity by employing a third harmonic generator (THG) between the laser and the 

sample. The sample is held in a cooled (helium) cryostat, which accommodates the sample 

in an evacuated environment. To analyze and study the ultra-fast light properties, a streak 

camera system with two modes (the syncroscan mode and the single sweep) are used 

depending on the time delay required for different materials.  

 

Figure 3.8 Schematic representation of TRPL set up in our laboratory. 

The schematic of the TRPL setup in our lab is shown in Figure 3.8 and the basic 

operation of the streak camera unit is shown in Figure 3.9. In a steak camera system, once 

the light enters the system, the quantity of the incoming light is limited by the horizontal 

slit. Lenses are used to direct and focus the controlled incoming light on a photocathode, 

which converts light energy to electrical energy. Accordingly, the quantity of generated 
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electrons corresponds to the intensity of photons collected. These electrons are guided 

through a chamber, where they are accelerated. The electrons are further guided to a micro 

channel plate (MCP), which translates these electrons into signals that can be detected and 

viewed on a phosphor screen or processed by a signal processor. Two sweep electrodes are 

placed in the chamber in the path of traveling electrons. The sweep or sinusoidal varying 

voltage is generated at these electrodes, which alternates the path of the electrons according 

to the time of their arrival. As this vertically differentiates the electrons, they fall on the 

image plane at corresponding vertical positions. The light will be horizontally dispersed 

before passing to the streak camera by a spectrograph included in the TRPL setup. 

Consequently, the spectral distribution is calibrated to the corresponding wavelength of the 

incident photon. The electrons’ horizontal positions are not deviated by the streak camera. 

Thus, the output image will be horizontally represented by the wavelength axis, whereas 

the vertical distribution represents the time of incidence. The pulse repetition frequency 

(PRF) of the Ti:sapphire laser pulse is synchronized to the voltage sweep by a trigger 

connected externally. Due to the path difference, there will be a change in the time between 

the arrival of the laser pulse and the sweep voltage. The decay generator helps to introduce 

a decay to exactly synchronize the beam and the trigger. In addition, decay control allows 

studying a wide range of phenomena, such as different time domains or temporally 

separated PL, considering that the temporal difference among the two decays should be in 

the period of the time range specified by the camera software.135 
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Figure 3.9 Streak camera operation principle.135 

The TRPL measurements discussed in this dissertation, Hamamatsu streak 

camera135 system was used to perform the TRPL experiments. The syncroscan mode uses 

a 76 MHz operating in a picosecond range, whereas the single sweep frequency can be 

varied from nanoseconds to milliseconds by using a pulse picker (AIP instruments) 

according to the time range required. The power density of the beam for each experiment 

can be calculated from the frequency used and the laser spot size on the sample. The 

emitted light was collected by lenses and was directed to a monochromator slit and the 

emitted light is dispersed spectrally disperse. Then the light was passed to the UV-visible 

Hamamatsu streak camera (Model C5680). To perform analyses at different temperatures 

(5−300 K), a Helium cryostat was used and the sample was fixed to the holder inside.  

All TRPL measurements and analyses discussed in this dissertation were carried 

out by me. 

3.2.3  Micro-Raman Spectroscopy 

Raman spectroscopy is mainly employed to study the stress, crystal structure and 

quality of the crystal. Raman scattering is an inelastic scattering, where the energy of the 

light is modified due to the interaction with the active phonon in the material. This change 
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in the energy of the emitted photon matches with some phonon modes and defined as 

Raman shift. The discrete lines in the Raman spectra can be Stokes lines (lower frequency) 

or anti-stokes lines (higher frequency). Raman spectroscopy is a very useful tool to study 

lattice and electronic features including atomic composition, homogeneity and residual 

stress of the GaN alloys (AlGaN or InGaN). In wurtzite GaN structure, by alloying, the 

atomic composition changes and the phonon modes shift. The schematic diagram of the 

micro-Raman setup is shown in Figure 3.10. 

All Raman spectra and the related analyses shown in this dissertation were carried 

out by me. 

 

Figure 3.10 Schematic representation of micro-Raman setup used in the KAUST Core lab. 

3.2.4  Absorption Measurement 

To study the absorption of the materials, a light source with a very broad spectrum 

impinges on the sample and the transmitted spectrum is detected and plotted. The energy 

corresponding to the bandgap and higher will be absorbed, allowing the absorption edge to 

be determined. The absorbance (A) can be defined as the ratio of the light transmitted to 



68 
 

the total incident light energy. The coefficient of absorption (α) for a particular wavelength 

can be calculated from the Beer-Lambert law:136 

𝛼 =
− ln(𝐼

𝐼0
⁄ )

𝑙
;     (3.5) 

where l is the thickness of the sample, I is the transmitted, and I0 is the incident light. By 

calculating the ratio of the incident and transmitted light intensities as a function of the 

wavelength, the absorption spectrum can be plotted. In this work, the RT absorption 

measurements were carried out by myself in KAUST Analytical Lab.  

3.3 Electrical Characterization 

3.3.1  Current−Voltage (I−V) and Electroluminescence (EL) Measurements 

I−V and EL measurements were carried to characterize the InGaN LED electrically. 

The LED turn-on voltage and influence of resistances can be studied by I−V measurements. 

The turn-on voltage is the voltage at which current rapidly increases. Low turn-on voltage 

is preferred for LED applications.  

EL is one of the important characterization techniques used for practical LED 

device characterization. The LED device should have the n and p contacts fabricated on 

the MQW structure to perform EL. In EL measurements, the carriers are injected into the 

active region by applying an external current, whereby the carriers recombine and emit the 

energy equivalent to the bandgap of the active region. As the EL resembles the real working 

mechanism of the LED device, this makes it a powerful tool for characterizing device 

parameters, such as the optical power density with current, and LED leakage current, which 

provides a very good indication of material quality and the reliability of the device. EL 
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investigation of the LED sample was performed by changing the current (injected carriers) 

and analyzing the emitted spectra.  

 

Figure 3.11 Schematic illustration of EL setup. 

All I−V and EL measurements at RT discussed in this dissertation were carried out 

by me on an LED chip using a probe station system (vertical injection), as shown in Figure 

3.11.  

3.4 Complementary Techniques 

3.4.1 Secondary Ion Mass Spectrometry (SIMS) 

Secondary ion mass spectrometry (SIMS) is used to study the elemental analysis of 

solid materials at parts per million sensitivity. This mass spectrometric technique relies on 

sputtering a few keV of primary ions on a solid surface, allowing the secondary ions 

emitted from the material to be analyzed in order to extract elemental data about the 

uppermost atomic layers. Despite its complexity, SIMS is accepted as the most sensitive 

elemental and isotopic surface analysis technique.137  
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Figure 3.12 A schematic diagram of secondary neutral mass spectrometry (SNMS) 

operating mode working on a dynamic SIMS from Hiden Company with Maxim 

spectrometer.138 

Prior to acquiring mass spectra and depth profiling, the experimental conditions 

(mainly the primary ion energy) were optimized. The raster of the sputtered area is 

estimated to be 500 × 500 µm2. In order to avoid the edge effect during depth profiling 

experiments, it is necessary to acquire data from a small area located in the middle of the 

eroded region. Using an adequate electronic gating, the acquisition area from which the 

depth profiling data were extracted was approximately 50 × 50 µm2. The conversion of the 

sputtering time to sputtering depth scale was carried out by measuring the depth of the 

crater generated at the end of the depth profiling experiment using a stylus profiler from 

Veeco Company.  
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The depth profiling experiments of all samples discussed in this dissertation were 

performed by Dr. Nimer Wehbe, KAUST Core Lab scientist on a Dynamic SIMS, Hiden 

Company (Warrington-UK).  

3.4.2 X-ray Photoelectron Spectroscopy (XPS) 

Photoelectron Spectroscopy (XPS) is a non-destructive technique, where the 

sample surface is exposed to a high-energy x-ray, causing the electrons to eject from the 

surface. The kinetic energy of the ejected electrons is measured by a detector and the 

corresponding binding energy is calculated. XPS is employed to study the surface electron 

properties, composition, and fractions of elements present in the sample.  
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Chapter 4: GaN Thin Film Grown on (-201)-oriented β-Ga2O3 Substrate 

with AlN Buffer Layer– First-phase Study 

4.1 Introduction 

In this chapter, we will show a significant enhancement of a high-quality GaN 

epilayer grown on monoclinic (-201)-oriented β-Ga2O3 by MOCVD using an AlN buffer 

layer, for the first time. The structural and optical characterizations and analyses will be 

discussed.  

4.2 Sample Growth Conditions 

Since we are presenting new substrate with specific orientation, it is essential to 

understand the structural and optical quality of the III-nitride epilayers on the proposed 

substrate before fabricating devices. Moreover, it is significant to compare the quality with 

the one of the best available samples. A commercial (Lumilog) GaN film grown by 

MOCVD technique is used for this purpose.  

Figure 4.1a shows the growth conditions (growth temperature and gas flow) we have 

employed for GaN thin films growth on (-201)-oriented β-Ga2O3 substrate and Figure 4.1b 

shows the structure schematic of the grown sample. An AlN buffer layer (0.48 µm 

thickness) is grown under an atmosphere of N2 and NH3 gases at 500 °C on (-201)-oriented 

β-Ga2O3 substrate with trimethylaluminium (TMAl) vapor to provide the Al. Then the 

temperature of the substrate gradually increased to 1020 °C and grown the first layer of 

GaN film in an atmosphere of H2 and NH3 carrier gases and Trimethylgallium (TMGa) 

vapor. Followed by a small increase in the temperature (1080 °C), the second layer is grown 
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in a similar way. The total thickness of the GaN layer is optimized to be 3 µm. The GaN is 

doped with Si. Figure 4.1b shows the schematic diagram of the MOCVD grown structure. 

 

Figure 4.1 (a) The growth sequence of GaN thin film on the (-201)-oriented β-Ga2O3 

substrate and (b) the sample structure. 

4.3 Experimental Techniques 

The XRD measurements were performed on a Bruker D8 AXS diffractometer using a 

Cu Kα1 line, a 2-bounce Ge (220) monochromator and a Göbel mirror. RSM were acquired 

using a 0.1 µm wide slit placed in front of a scintillation detector. RC and pole figures were 

acquired using the open detector. RT Raman measurements were carried out in the Horiba 

LabRam ARAMIS micro-Raman system with backscattering geometry. The samples were 

excited by a 473 nm diode laser and the data were collected by a monochromator equipped 

with 1800 lines/mm grating and a CCD camera cooled by liquid nitrogen. The AFM 

measurement is performed by scanning probe microscope, Agilient 5400. PL was measured 

using a 325 nm He-Cd laser. The spectra were detected by an Andor monochromator 
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attached to a CCD camera. The RT absorption measurements were carried out using a UV-

VIS Varian Cary 5000 spectrophotometer system. 

4.4 Structural Characterization 

4.4.1 XRD Analysis 

The 2θ-θ XRD scan in Figure 4.2 shows the diffraction pattern of the GaN/β-Ga2O3 

(GaN on the β-Ga2O3) sample, revealing the β-Ga2O3 substrate diffraction peaks at (-2 0 

1), (-4 0 2), (-6 0 3), (-8 0 4) (-10 0 5). Symmetric reflections (0002), (0004) and (0006) 

were observed, as expected for a single crystalline, c-plane oriented wurtzite GaN film. 

The GaN lattice parameters of the two samples were determined using the Bond method139 

by measuring the (0004) and (10-14) symmetric and asymmetric RCs. The measurements 

yielded values of c = 5.187(1) Å and a = 3.185(1) Å and c = 5.192(1) Å and a = 3.181(1) Å 

for GaN/β-Ga2O3 and GaN/Al2O3, respectively, showing slight compressive strain in both 

samples (xx = -0.12(3) % and zz = 0.04(2) % for GaN/β-Ga2O3 and xx = -0.24(3) % and 

zz =0.14(2) % GaN/Al2O3). The strain was calculated assuming strain-free lattice 

parameters of a = 3.18878 Å and c = 5.18500 Å.140 The strain ratio, zz/xx, should be 

constant in samples where only biaxial strain is present and for this case a value of zz/xx 

= -0.6 was estimated by Kisielowski et al.140 Here, we find strain ratios of zz /xx =-0.3(1) 

and zz/xx = -0.6(1) for GaN/β-Ga2O3 and GaN/Al2O3, respectively, suggesting that a 

hydrostatic strain component cannot be disregarded in our GaN/β-Ga2O3 sample. Such 

hydrostatic strain may be introduced by defects or impurities. 
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Figure 4.2 The θ-2θ XRD curve of the GaN/β-Ga2O3 epilayer. 

Figure 4.3a-c demonstrates the XRD RCs around the GaN (0002) (10-15) reflections 

in the samples grown on β-Ga2O3 and Al2O3. In the brackets, we highlight the respective 

FWHM for the plots. For (10-15), the measurements were performed with asymmetric as 

well as skew symmetric geometries. When the angle of the incident beam is different from 

the angle of the diffracted beam on the scattering plane, it is called asymmetric geometry. 

Where, the scattering plane is the plane perpendicular to the sample surface in which the 

incident and the scatter vector lies. In some cases, the plane under examination is not 

parallel to the layer surface and the plane makes an angle with the surface. Then the skew 

symmetry geometry occurs as the scattering plane is perpendicular to the plane under 

investigation and not to the surface. The values for the integral breadth ranging from 0.10 

to 0.14 deg. for GaN/β-Ga2O3 are indicated in the Figure 4.3 and reveal the good quality 

of both samples with typical values for state-of-the-art films. The broadening of RCs in 

GaN is typically associated with the mosaicity and dislocation density of the films. Because 

of the use of lattice mismatched substrate, the GaN epilayers usually display high density 
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of dislocation and the grown layers are often behave like mosaic crystals. Mosaicity can be 

defined as the measure of the spread of the random crystal plane orientations and can be 

identified by the RC analysis. In particular, the (0002) RCs are broadened by mosaic tilt 

caused by screw-type and mixed dislocations (as well as the lateral coherence length) while 

the (10-15) reflection is also sensitive to edge-type dislocations (causing twist) when 

measured with the skew symmetric geometry.141 The two samples show very similar 

behavior with only slightly higher values for the sample grown on β-Ga2O3 suggesting only 

slightly higher dislocation densities, an impressive result for first growth experiments with 

little optimization of growth parameters.  

 

Figure 4.3 (a) The RC around (0002) for GaN/β-Ga2O3 and GaN/Al2O3 epilayers and 

FWHM is shown in the bracket. (1015) RC taken with asymmetric and skew symmetric 

geometries for (b) GaN/β-Ga2O3 and (c) GaN/Al2O3. 

The mosaicity was further studied by using the RSM of the (10-15) asymmetric 

reflection as shown in Figure 4.4a and 4.4b. From the broadening of the reciprocal lattice 

points, the tilt and lateral coherence length, L||,were estimated using the geometrical 
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method described by Fewster.142 Where the tilt is defined as the mosaic block rotation out 

of the plane perpendicular to the surface of growth and lateral coherence length is the 

average lateral size of the mosaic blocks. In both samples, the tilt was very low, suggesting 

that the lateral coherence length contributes considerably to the broadening (see Figure 

4.4a and 4.4b). In fact, the tilt of the GaN/β-Ga2O3 layer was lower than that of the 

reference sample while the lateral coherence length was smaller, which also suggests that 

the main broadening of the (0002) RC in GaN/β-Ga2O3 was due to a small lateral coherence 

length.  

 

Figure 4.4 (10-15) RSM for (a) GaN/β-Ga2O3 and (b) GaN/Al2O3. 

The XRD pole-figures (as shown in Figure 4.5) were acquired on the GaN/β-Ga2O3 

sample by fixing the detector at an angle of 2 = 48.27º to measure the reflections of the 

{10-12} family of planes for GaN and the{(-5 1 1} and {-5 1 0} planes for the case of β-

Ga2O3 simultaneously. The epitaxial orientation relationships between the β-Ga2O3 and the 

GaN thin film are defined by (010) β-Ga2O3 || (11-20) GaN and (-201)-oriented β-Ga2O3 || 

(0001) GaN, resulting in a lattice mismatch of ~4.7%. 
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Figure 4.5 A pole figure showing the {10-12} family of planes for GaN and the {511} and 

{5 10} planes for the case of β-Ga2O3. 

4.4.2 AFM Analysis 

The termination of TDs in the epilayer surface is indicated by small pits in the AFM 

scan. Different type of dislocation can be identified by the pit size. A wide scan of the 

surface morphology is shown in Figure 4.6a. Figure 4.6b shows a higher-resolution AFM 

image. The average density of TDs is found to be ~108 cm-2 (by averaging over 20 images 

taken at different positions on a 2-inch wafer), which is relatively low compared with the 

TDDs reported in early works on GaN epilayers grown on other substrates.143,144 The TDD 

of GaN epilayers grown on Al2O3 varies typically in the range of 108-1010 cm-2 and our 

reference sample shows a low TDD of 4×107 cm-2. This low value is in agreement with the 

slightly lower RC widths described above compared to the GaN/Ga2O3 layer. More refined 

research approaches like patterning the substrates and optimized multistep MOCVD 

techniques have reduced the TD to a value of ~10-6.145,146 We suggest that this TDD can be 
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reduced significantly using (-201)-oriented β-Ga2O3 substrates and controlling the growth 

process and specifications of the buffer layer and the film.  

 

Figure 4.6 (a) 5×5 µm2 AFM image of the GaN/β-Ga2O3 and (b) 1×1 µm2 AFM image of 

the GaN/β-Ga2O3 sample. 

Large differences in the magnitude of Burgers vectors, especially between edge-type 

and screw/mixed-type dislocations, imply that the size of the surface pits should be 

different depending on the type of dislocation.147 We could not clearly identify any screw 

type (the largest pits) in agreement with the low tilt values estimated from XRD. We mainly 

noticed mixed dislocations (medium pits) and edge dislocations (smallest pits) at a ratio of 

2:3 per µm2. Medium-sized pits have a maximum depth of ~7 nm and a width of ~ 40 nm; 

small pits are about 20 nm wide and have a maximum depth of ~0.6 nm. Figure 4.6 also 

indicates that the stepped surface morphology exhibits atomic terraces ~0.2 nm in height. 

The RMS roughness is found to be as low as ~0.68 nm over 100 µm2, which indicates a 

very smooth surface compared to the commercial GaN/Al2O3 reference sample (with a 

RMS roughness of ~0.87 nm). 
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4.5 Optical Characterization 

4.5.1 PL Analysis 

Figure 4.7 and 4.8 show RT and low-temperature (6 K) PL spectra of GaN/β-Ga2O3, 

respectively, compared to commercial GaN/Al2O3. The RT PL spectrum of GaN/β-Ga2O3 

has a dominant intensity near the bandedge emission centered at 3.41 eV and a very weak 

YL emission. The bandedge emission occurs when an electron moves from the lowest 

energy excited state in the conduction band, to the highest energy top edge of the valence 

band. This energy difference is referred to as the bandgap energy. When the electron drops 

into the valence band, it releases a photon of the exact energy called bandedge emission. 

The broad bandedge peak shows a combination of free exciton transition, donor-bound 

exciton transition and donor-to-valence band transition.148-150  

Surprisingly, the ratio of the PL intensity at 6K to that at RT, found to be ~2.7:1, is 

better than that of the GaN/Al2O3 (~20:1) and is similar to that in undoped GaN/Al2O3 

epilayers reported in literature.17 The bandedge intensity of GaN/Ga2O3 wafer is 1.5 times 

stronger at RT than that from the commercial GaN/Al2O3 wafer, although the TDD of the 

commercial GaN/Al2O3 is lower. Thus, other defects that create a high density of non-

radiative deep states (such as point defects or other structural defects) are suppressed 

significantly, resulting in much higher intensity. Figure 4.8 shows an intense bandedge 

emission at 6 K. The bandedge peak of GaN/Ga2O3 is redshifted compared to that of the 

film on Al2O3, in agreement with the lower compressive strain observed by XRD in the 

former section. However, the peak wavelength can also be influenced by doping or 

defects.140 
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Figure 4.7 (Log scale) PL spectra at RT on GaN/Ga2O3 and GaN/Sapphire sample. 

 

Figure 4.8 (linear scale) normalized PL spectra at 6K, (the inset shows the peaks the energy 

range from 3.28 eV to 3 eV GaN/Ga2O3 at 6 K). 

The inset of Figure 4.8 shows DAP peaks at 6 K within the energy range from 3.28 

eV to 3 eV. A series of peaks is observed, with the first peak centered at 3.29 eV followed 

by the LO-phonon replicates at low energies, with an energy difference of about ~ 88 meV. 
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In general, we observed that GaN/β-Ga2O3 is mechanically rigid and the PL intensity 

remains the same even in cut pieces compared with the GaN/Al2O3. 

 

Figure 4.9 The absorption spectra (uncorrected spectra for reflection) at RT for both the 

GaN/Ga2O3 and GaN/Al2O3 epilayers (the inset shows the absorption spectrum of 

GaN/Ga2O3 at 6 K). 

4.5.2 Absorption Analysis 

The optical absorption spectra of GaN/Ga2O3 and GaN/Al2O3 at RT are shown in 

Figure 4.9. The bandgap of GaN/Ga2O3 epilayer is measured as ~3.4 eV at RT, slightly 

blueshifted compared to bulk GaN (3.39 eV at RT).151 This slight blueshift can be due to 

the compressive stress. The near UV absorption is higher for the GaN epilayer grown on 

Ga2O3 than that grown on Al2O3, which is due to the absorption from Ga2O3. A slight tail 

is shown in the absorption spectra of GaN/Ga2O3 at RT and 6K (inset of Figure 4.9), 

compared to that of GaN/Al2O3. The exponential behavior in the tail of the absorption edge 

can be attributed to structural disorder, point defects, excitonic transitions, or 
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inhomogeneous strain in the film,152 which can cause a broadening of the PL bandedge 

peak. 

 

Figure 4.10 The RT Raman spectra of the GaN/Ga2O3 (blue line) and bulk β-Ga2O3 

substrate (red dotted line). 

4.5.3 Raman Analysis 

Figure 4.10 shows the Raman spectrum of the GaN/Ga2O3 epilayer and that of the 

β-Ga2O3 substrate as a reference to identify the GaN peaks (red dotted line). The Raman 

peaks of β-Ga2O3 substrate (at 169.26, 199.81, 319.7, 346.89, 416.04, and 659.95 cm-1) are 

shown as red dotted line. It is known that β-Ga2O3 is a monoclinic structure with space 

group symmetry, C2/m.153 The results for (-201)-oriented β-Ga2O3 agree with the results 

observed by Dohy et al.154 As shown in Figure 4.10, not all the optical modes of β-Ga2O3 

are observed.153 However, our observation shows that all the translational modes of bulk 

β-Ga2O3 are redshifted in the GaN/Ga2O3 epilayer by 1.5–2 cm-1 when compared to bulk 

β-Ga2O3. Wurtzite GaN is a tetrahedrally coordinated semiconductor with the space group 
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of C4
6v and C3v symmetry. It is expected that Raman active modes (one A1, one E1, and two 

E2) would be observed in the GaN epilayer.155 The modes observed in this epilayer are 

E2(high) and E2(low) modes. The E2(high) mode peak is clearly observed (at 569.04 cm-1), 

as shown in Figure 4.10. The symmetry E2(low) mode at 143.2 cm-1 is observed and 

overlaps partially with the 144.4 cm-1 substrate mode (Ga2O3). The detected E2 modes 

verify the backscattering through the c-axis of wurtzite GaN.156 We observe that the 

positions of these peaks compared with the positions of the peaks for GaN grown on Al2O3 

are dependent on the substrate due to different strain states for different samples. The 

E2(high) mode has been demonstrated to be sensitive to biaxial strain in GaN epilayers.156 

Here, we can predict that there is a slight compressive strain because the peak exhibits a 

blueshift of 1.04 cm-1 compared with that of bulk GaN (568 cm-1).156 In contrast, the Raman 

peaks of β-Ga2O3 have a redshift, which indicates a corresponding tensile stress induced in 

the interface. In addition, the A1 symmetry LO-phonon mode near 735 cm-1 is not observed 

in the Raman spectrum of GaN/β-Ga2O3, which may be due to the strong coupling between 

the A1 mode of the LO-phonon and the carrier plasmon (longitudinal optical phonon 

coupled plasmon (LOPC)modes of electronic excitation and lattice vibrations).157 

Furthermore, no Raman peaks related to the cubic GaN structure were observed. The 

Raman measurement therefore confirms the XRD finding that the GaN epilayer is a single-

phase wurtzite, high-quality material. 

4.6 Summary 

A high optical and structural quality GaN/Ga2O3 epilayer was achieved. The epitaxial 

relationship between the film and substrate showed low lattice mismatch (4.7%) between 

the (-201)-oriented β-Ga2O3 substrate and GaN layer, which led to low TDDs. The PL 
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intensity was considerably higher than that of the GaN/Al2O3. This work showed that β-

Ga2O3 is a promising substrate for the growth of high-quality GaN films. Thus, it is 

expected that under systematically optimized growth conditions, the growth of highly 

efficient LEDs based on III-nitrides can be achieved. (-201)-oriented β-Ga2O3 substrate 

will allow new device designs such as vertically structured LEDs, thanks to the increased 

transparency and high conductivity of bulk β-Ga2O3 substrates. 
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Chapter 5: GaN and InxGa1-xN Thin film on (-201)-oriented β-Ga2O3  

  Substrate Using GaN Buffer Layer 

5.1 Introduction 

The characterization measurements and analyses performed in Chapter 4 confirmed 

that the quality of the GaN layers grown on (-201)-oriented β-Ga2O3 were enhanced and is 

comparable to the commercial high-quality GaN thin film grown on sapphire. This fact 

motivated us to improve the growth technique and to grow III-nitride alloys using GaN 

buffer layer. A low-temperature grown GaN buffer layer is known to decrease hillocks in 

the GaN epilayer surface145,146,158 on the Ga2O3 substrate and this may lead to a decrease in 

the TDD compared to that on AlN buffer layer.159 Thus, growing III-nitrides on a GaN 

buffer layer is expected to increase the III-nitride crystal quality and the interface 

conductivity between the substrate and the buffer layer. The two-step growth with a low 

temperature GaN buffer layer is crucial for GaN growth to considerably improve the crystal 

quality and the device performance fabricated.160,161 

This chapter will discuss the III-nitride growth on the (-201)-oriented β-Ga2O3 

using a GaN buffer layer and the growth of state-of-art GaN and InGaN epilayers will be 

presented. We study n-type Si-doped GaN film and InGaN (tertiary alloy) thin film grown 

on a monoclinic (-201)-oriented β-Ga2O3 substrate using a low temperature GaN buffer 

layer by MOCVD. The structural and optical characterizations of the epilyers will be 

discussed.  
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5.2 Sample Growth Conditions 

The growth conditions are optimized to grow the Si-doped n-GaN layer and InGaN thin 

films. A low-temperature undoped GaN buffer layer was grown to a thickness of ~9 nm at 

500 °C under an N2 and NH3 atmosphere on (-201)-oriented β-Ga2O3 substrates using a 

low-pressure, vertical MOCVD reactor. The growth sequence is shown in the Figure 5.1 

for the n-GaN and InGaN thin films and the schematic of the grown structure is shown in 

Figure 5.2. The (-201)-oriented β-Ga2O3 substrate was doped with Sn to increase its 

conductivity, whereby Hall measurements revealed an electron concentration in the order 

of 1018 cm-3. After changing the carrier gas from N2 to H2, the temperature of the substrate 

was increased to 1020 °C to grow the first n-GaN epilayer (with a carrier density of 4 × 

1018 cm-3 and a nominal thickness of ~ 1.75 µm). The temperature was further increased to 

1100 °C during the deposition of the remainder of the Si-doped GaN layer (of ~1.75 µm 

thickness). This two-step growth process decreases the formation of epicracks by reducing 

dislocations between the GaN layers grown in the first and the second steps.160,161 Current-

voltage measurements confirmed that the interface between the Ga2O3 substrate and the 

GaN epilayer is conductive. TEM images confirm that the total thickness of the GaN 

epilayer is ~ 3.7 µm.  
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Figure 5.1 The growth sequence of the n-GaN and InxGa1-xN thin films. 

 

Figure 5.2 The sample structure. 

InxGa1-xN layers (0.05 ≤ x ≤ 0.23) with a nominal thickness of 40 nm were grown on 

n-GaN/β-Ga2O3 with a GaN buffer layer by MOCVD. During the InxGa1-xN layer growth, 

precursors of TMGa, trimethylindium (TMIn), and NH3 were used as source gasses and N2 

as the carrier gas at a pressure 400 mbar. The growth temperature was varied for different 

x values: 0.01 (875°C), 0.05 (820°C), 0.1 (795°C), 0.15 (775°C), and 0.23 (720°C). For 
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the purpose of comparison, we grew InxGa1-xN films on Al2O3 using similar optimization 

growth process. 

5.3 Experimental Techniques 

Cross-sectional and plan-view TEM imaging was performed on a JEOL 4000 EX TEM 

operating at 400 kV. The plan-view TEM images were obtained using FEI Tecnai TWIN 

TEM operated at 120 kV. Atomic resolution AADF-STEM study was carried out with a 

Titan Cs-Probe Corrected (FEI Co.) microscope operated at 300 kV. AFM was performed 

using the Agilent 5400 scanning probe microscope. The XRD was performed on a Bruker 

D8 diffractometer system using a Cu Kα1 radiation.The emission characteristics of this GaN 

epilayer were compared to a similar GaN epilayer grown by the same growth process but 

with an AlN buffer layer. PL was measured on the n-GaN film using a 325-nm He-Cd laser 

at different temperatures. The spectra were collected by an Andor monochromator attached 

to a CCD camera. To perform TRPL measurements, the samples were excited by the third 

harmonic UV (λ = 266 nm) pulses of a mode-locked Ti:sapphire femtosecond pulsed laser 

with a pulse width of ~190 fs and a power density of 70 W/cm2 (with 76 MHz repetition 

rate). A Coherent Verdi-V18 diode-pumped solid-state continuous wave laser was used to 

pump the Ti:sapphire laser. Emission of the sample was detected by a monochromator 

attached to a UV-sensitive Hamamatsu C5680 streak camera with a temporal resolution of 

⁓2 ps.  
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5.4 Structural Characterization of n-GaN Thin Film  

5.4.1 Raman Mapping on the Wafer 

 

Figure 5.3 (a) Raman mapping of the E2(high) peak position from the center to the edge of 

the 2" n-GaN/β-Ga2O3 wafer (top panel) and (b) 2" n-GaN/sapphire wafer (bottom panel). 

It is important to obtain high-quality and uniform wafers for large-size fabrication 

technology for use in vertical emitting devices. Raman spectroscopy and XRD 

measurements were used to examine the material quality and uniformity across the whole 

2″ wafer. The strain in GaN/β-Ga2O3 epilayer was estimated by Raman measurements. 

Figure 5.3a (top panel) indicates the Raman mapping E2(high) peak position across the 2" 

GaN/β-Ga2O3 wafer. The E2(high) mode was confirmed to be sensitive to biaxial strain in 

GaN epilayers.162 The Raman maps reveal a homogenous uniform stress distribution over 

the entire wafer with a negligible left shift of ~0.7 cm-1 observed between the center (567.3 

cm-1) and the edge (568.0 cm-1) of the wafer, indicating that the stress is fully released to 

the edge. The E2(high) peak exhibits an average value of ~567.93 cm-1 with a very small 
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left shift (-0.07 cm-1) compared to that of bulk relaxed GaN (568 cm-1).162 This strain value 

indicates that the uniform GaN/β-Ga2O3 wafer is nearly strain-free, whereby the presence 

of a very slight tensile strain suggests low TDD (It is noteworthy that the low lattice 

mismatch between (-201)-oriented β-Ga2O3 and the GaN film (~4.7%) can effectively 

reduce TDD). On the other hand, a high-quality GaN/ Al2O3 2″ wafer (grown with the same 

structure) shows a considerable left shift of ~1.4 cm-1 (Figure 5.3a bottom panel). 

Furthermore, GaN grown on AlN buffer layer showed a compressive strain in the film with 

the E2(high) peak shifted to the right by 1.04 cm-1 compared to the bulk GaN.159 The wafer 

uniformity of high-quality GaN grown on (-201)-oriented β-Ga2O3 is enhanced 

significantly using GaN buffer layer by formation of nucleation centers, which is 

particularly beneficial for good quality 2D grown GaN layer.163 

5.4.2 AFM Analysis 

The surface morphology of GaN epilayers was analyzed by examining the AFM images 

across the whole wafer. Figure 5.4a (top panel) illustrates that the GaN grown on (-201)-

oriented β-Ga2O3 with GaN buffer layer confirms a decrease in TDD (>50%) compared to 

that with AlN buffer layer (Figure 5.4b (bottom panel)) using the same substrate. The 

average TDD count (obtained by averaging over >20 AFM 5×5 µm2 images at different 

positions on the 2″ wafer) on GaN buffer layer is found to be 1.8 (±0.2) ×108 cm-2 and that 

on AlN buffer is 4.5 (±0.2) ×108 cm-2. This low TDD confirms the Raman results, 

indicating that such substrate can be used for large-scale technology based on GaN vertical 

optoelectronic devices. 
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Figure 5.4 5×5 µm2 (left) and 1x1 µm2 (right) AFM images of the n-GaN/β-Ga2O3 with (a) 

GaN buffer layer (top panel) and (b) AlN buffer layer (bottom panel). 

5.4.3 XRD RC Analysis 

 

Figure 5.5 The XRD RC around GaN (0002) reflection peak on n-GaN/β-Ga2O3 with GaN 

buffer (blue) and AlN buffer (black). 
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To understand further about the reduction in TD, XRD measurements were conducted 

across the wafer. The XRD RC analysis of the GaN (0002) reflection peak was performed 

on the GaN/β-Ga2O3 wafer. The FWHM value showed a sharper peak of ~330 arcsec 

(Figure 5.5, blue line), disclosing a better quality GaN epilayer grown on GaN buffer layer 

compared to that grown on AlN buffer layer (~430 arcsec), as shown in Figure 5.5 (black 

line). To the best of our knowledge, this is the best RC FWHM value for GaN obtained for 

materials grown on a Ga2O3 substrate. This FWHM of the RC confirms that (-201)-

orientation of β-Ga2O3 substrates improves the crystal quality significantly compared to 

the (100) orientation (1200 arcsec).87 

5.4.4 TEM Analysis 

 

Figure 5.6 A cross-sectional TEM image of GaN epilayer on β-Ga2O3 substrate and a GaN 

buffer layer with electron diffraction patters shown as highlighted at the GaN epilayer 

(top), interface (middle) and substrate (bottom).  
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The whole n-GaN thin film structure was imagined and studied by cross-sectional 

TEM, as shown in Figure 5.6. The samples were examined by diffraction contrast, viewing 

close to the [11̅00] zone axis by tilting the sample to excite the g = (0002) and (11̅20) 

Bragg reflections. The electron diffraction pattern taken from the GaN epilayer (the top 

inset in Figure 5.6) shows a single crystal wurtzite (0001) structure with no zinc-blende 

regions or misoriented grains. Diffraction patterns pertaining to the labeled regions in 

Figure 5.6 are taken near the interface (center inset), revealing a strong epitaxial 

relationship between the substrate and the GaN epilayer. The bottom inset of Figure 5.6 

shows an image taken along the GaN [11̅00] zone axis, parallel to the β-Ga2O3 [110] 

direction.  

 

Figure 5.7 Bright-field plan-view TEM micrograph of the n-GaN epilayer, showing surface 

dislocation densities. 

Plan-view TEM analysis was performed to confirm the TDD on the epilayer by 

bright-field imaging in the vicinity of the [0001] zone axis. Figure 5.7 shows a plan-view 

TEM image taken under two-beam diffraction conditions, whereby g = (11-20) to allow 

for accurate determination of the TD from an average of 40 images. The TDD obtained at 
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the centers of GaN grains (of ~1- ~2 μm diameter) is considerably lower (~4.8 × 107 cm-2) 

for that grown on Ga2O3 than that grown on a flat Al2O3 using conventional MOCVD.164 

As can be seen in Figure 5.7, TDs appear to migrate to the grain boundaries and are 

depicted in the image as chains of dark spots delineating the grain boundary. The total 

average TDD is found to be low (~1.9 (±0.2) × 108 cm2). This TDD value is in good 

agreement with the results obtained by Raman and AFM analysis. 

To investigate the TDD reduction mechanism, we carried out TEM and high-

resolution TEM (HRTEM) analyses. The c- and a-components of the Burgers vectors of 

the TDs are visible, as shown in the cross-sectional images in Figure5.8a and 5.8b, 

respectively. With diffraction condition g = (0002), only screw and mixed dislocations are 

visible, whereas edge and mixed components are visible in the g = (1-120) condition.165 

The (a):(c+a) dislocation ratio is observed to be approximately 1:2, thus differing from the 

1:1 ratio typical for dislocation types in standard low TDD GaN grown on (0001) Al2O3.166 

The TEM cross-sectional images (Figure 5.8a and 5.8b) for g = (0002) and g = (1-120) 

show that the GaN/Ga2O3 interface is abrupt and characterized by a high initial TDD 

followed by a gradual reduction in the GaN layer (at the distance < 200 nm from the 

substrate) in density as the film continues to grow. Figure 5.8c shows closed dislocation 

loops (pointed by yellow arrows, taken with g = (0002)). Figure 5.8d and 5.8e show a 

HRTEM cross-sectional view with g = (0002) reflections of TD loops. Figure 5.8c-e 

demonstrate that the TDs bend into the basal plane and react with dislocations of the 

opposite phase, and are eliminated by forming closed loops in the low-temperature GaN 

buffer layer and in the lower regions of the GaN epilayer. Therefore, the dislocation does 

not propagate to the upper part of the GaN epilayer.  
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Figure 5.8 Cross-sectional TEM image showing a detailed view of the dislocations with 

(a) g = (1-120) and (b) g = (0002) imaging conditions. (c) The closed dislocation loops 

pointed by yellow arrows (d) and (e) high-resolution images of some of the eliminated 

dislocation loops near the interface. 

HRTEM and fast Fourier-transform (FFT) analyses were carried out to investigate the 

origin of the TD annihilation mechanism. Figure 5.9a shows the HRTEM image of the 

overlying GaN epilayer, low-temperature grown undoped GaN buffer layer (9 ± 1nm) and 

the interface between the buffer layer and the monoclinic β-Ga2O3 substrate. The surface 

of the flat β-Ga2O3 substrate is characterized by slightly irregular surface “nano hump-

features” that reach < 4 nm height at the interface. As a result of this irregular feature, the 

dislocation was grown with an angle with respect to the [0001] direction,167 as indicated 

by the dotted yellow arrow in Figure 5.9a. These dislocation types usually bend and 

propagate in an angle until they are close to cancel each other.167 FFT images taken from 

the overlaying n-GaN epilayer, the buffer layer, and the interface are indicated in Figure 

5.9b, 5.9c and 5.9d, respectively. FFT image (Figure 5.9d) of the interface reveals a 
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complete distortion. This distortion extends to the buffer layer, as shown in the FFT image 

(Figure 5.9c) of the low-temperature GaN buffer layer, followed by highly crystalline 

roughly relaxed n-GaN epilayer, depicted in the FFT image (Figure 5.9b). The distortion 

of the buffer layer may absorb the effect of misfit dislocations caused by lattice mismatch, 

leading to TD bending in TD in the buffer layer.168 These curved dislocations possess 

Burgers vectors of the same magnitude and opposite direction, which form pairs (Figure 

5.8d and 5.8e) and are eliminated near the interface. As a result, the TD propagation to the 

upper parts of the epilayer ceases.  

Figure 5.9e shows an HRTEM strain map along the vertical direction, produced by 

applying the GPA program on a dislocation loop with in the buffer layer, confirming the 

TD elimination near the interface. Furthermore, we observed TD defects grow vertically 

along the c-axis. Some of these defects stop propagating beyond the first 300 nm above the 

substrate, as shown in the HRTEM image due to strain relaxation in the n-GaN epilayer 

above the distorted buffer layer.168 This mechanism of low TDD is posited to be the reason 

behind the sharp (0002) RC peak of GaN grown on (-201)-oriented β-Ga2O3 with GaN 

buffer layer. 
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Figure 5.9 (a) HRTEM images of the interface between the overlying GaN layer, low-

temperature grown GaN buffer layer, and the β-Ga2O3 substrate. An angled dislocation 

originating from the interface is shown with a yellow dotted arrow. FFT images are taken 

from the (b) overlaying n-GaN epilayer, (c) the GaN buffer layer and (d) the interface are 

shown at different positions (red rectangles). (e) The strain map by GPA method on the 

area shown in Figure 7.9a in y-direction. 

5.5 Optical Characterization of n-GaN Thin Film 

5.5.1 Raman Analysis 

Figure 5.10 shows the Raman spectrum of the n-GaN epilayer grown on β-Ga2O3 using 

GaN buffer layer. The Raman peaks of β-Ga2O3 substrate (at 114.42, 170.18, 200.83, 

320.64, 347.04, 417.36, and 659.32cm-1) are marked by asterisks. The symmetry E2(low) 

mode is observed at 144.20 cm-1 and overlaps partially with the 144.4 cm-1 substrate mode 

(Ga2O3). The E2(high) peak exhibits an average value of ~ 567.93 cm-1 with a very small 



99 
 

left shift (0.07cm-1) compared to that of bulk GaN (568 cm-1),156 illustrates that GaN film 

experience a very slight tensile strain. On the other hand, GaN grown on AlN buffer layer 

showed a compressive strain in the film with the E2 peak shifted to the right by 1.04 cm-1 

compared to the bulk GaN,159 shows that low growth temperature of the GaN buffer layer 

affects the crystallization and morphological property of the GaN buffer layer and 

improves the quality of the GaN epilayer by formation of nucleation centers, which helps 

for good quality two-dimensional lateral growth GaN layer163.  

 

Figure 5.10 The RT Raman spectra of GaN/β-Ga2O3 with GaN buffer layer. The asterisk 

mark shows the Raman peaks from the substrate. The LOPC peaks are shown by L+ and 

L-. 

As shown in Figure 5.10, absence of the A1(LO) (at 735 cm-1) mode is related to the 

high Si doping in the GaN epilayer. This is due to the strong coupling of LO phonons with 

collective free carrier excitations (LOPC modes) that are formed due to donor dopants.157 

These coupled mode, introduces peaks with upper- and lower- frequency branches (L+ and 

L−, respectively) has been intensively studied in n-type GaN.156,157 The spectrum shows a 
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typical L+ and L- broad peaks with extended tails at higher frequencies.156 The L+ peak is 

observed at 767.41 cm-1, whereas a very broad L- peak is also noted right to the E2(high) 

peak and shifted to high frequency. The increase in the carrier density with Si impurity in 

GaN epilayer causes both the branches shift to higher frequency and broaden. This 

behavior can be explained by fitting the L+ and L− peaks with different carrier 

concentrations in GaN, indicating LOPC mode scattering intensity depends on the 

dielectric function of photon and plasmon, considering the contribution of deformation 

potential, electro-optical mechanisms and charge density fluctuation mechanism as an 

adjustable parameter.156  

5.5.2 PL Analysis 

A time-integrated low-temperature PL spectrum of the Si-doped GaN/(-201)-oriented 

β-Ga2O3 epilayer (GaN buffer layer) is shown in Figure 5.11a. The spectrum displays an 

intense NBE emission under an excitation density of 6 W/cm2, centered at 3.47 eV, which 

has previously been attributed to band-to-band recombination and to bound and free 

exciton recombination.169,170 The peak at 3.47 eV (Figure 5.11a) can be attributed to direct 

transitions between the conduction and the valence band tail states, as well as random 

distribution of dopants, resulting in random fluctuations of the doping concentration on a 

microscopic scale.171,172 At RT, a slight broadening in the FWHM of the NBE peak (74 

meV) is observed, due to the presence of the Si dopant.173 This broadening of the FWHM 

is expected as a result of high carrier concentration (at the low-energy side) introduced by 

Si impurities compared to undoped GaN and it can be explained by the tailing of the density 

of states caused by potential fluctuations introduced by the random distribution of Si 
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dopants.173 In addition, residual acceptors may contribute to the NBE peak broadening in 

the same way by introducing potential fluctuations.174  

 

Figure 5.11 (a) PL spectrum of Si-doped GaN epilayer at 8 K grown on a GaN buffer layer. 

The inset shows the n-GaN emission while excited with 325 nm source. (b) Temperature 

dependence of PL spectrum measured between 8 K and RT.  

Intensity power dependence studies show that decreasing the excitation intensity by 

three orders of magnitude produces no significant changes in the observed PL spectra, 

indicating that no bandgap filling or saturation of the defect level occurs and suggesting 

that these effects do not contribute to the broadening.175 Peaks ascribed to donor-acceptor 

pair recombination accompanied by LO phonon replicas were observed in the 3.28−2.98 

eV energy range as shown in Figure 5.11a and 5.11b. The phonon replicas are observed in 

an energy difference of about 97 meV. Figure 5.11b shows a typical temperature-dependent 

PL spectrum of Si-doped GaN between 8 K and RT. As the temperature increases, the NBE 
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peak weakens and becomes slightly red shifted. The LO phonon replicas weaken 

dramatically after 150 K and almost disappear at RT. Figure 5.12 shows that a GaN epilayer 

grown on a GaN buffer layer has a 12-fold higher PL intensity at RT with negligible YL 

luminescence compared to that grown on an A1N buffer layer, suggesting a higher quality 

GaN epilayer and low TDD by using Low-temperature GaN buffer layer. 

 

Figure 5.12 The RT PL spectral comparison of GaN grown on low temperature GaN and 

AlN buffer layer. 

5.5.3 TRPL Analysis 

Figure 5.13a shows the TRPL spectra of Si-doped GaN/β-Ga2O3 epilayer (GaN 

buffer layer) at 4K and RT. The TRPL decay time of the Si-doped GaN epilayer can be 

described by a biexponential fitting. The biexponential decay process occurs in a multilevel 

system, which arises following the capturing of carriers at the deeper non-radiative centers 

either in the film or at the interface.176,177 The biexponential decay can be described as 178 

𝐼(𝑡) = 𝐴1 exp (−
𝑡

𝜏1
) + 𝐴2 exp (−

𝑡

𝜏2
);    (5.1) 



103 
 

where A1 and A2 are adjustable constants, and τ1 and τ2 are the fast and slow decay times, 

respectively. Decay times for τ1 and τ2 are measured as 51 ps and 189 ps, respectively, at 4 

K, and as 71 ps and 352 ps, respectively, at RT. The radiative recombination lifetime of 

the donor-bound exciton in intentionally and unintentionally doped GaN is typically in the 

range of 30 to 100 ps179 at RT, increasing to 530 ps at 4 K.175 A high donor concentration 

(1018 cm-1) in a high-quality n-GaN epilayer has previously been shown to lead to a fast 

decay and a broad spectrum.177 Hence, even at low-temperature, it will be difficult to 

clearly distinguish between free and donor-bound excitons.  

 

Figure 5.13 (a) TRPL spectra of n-GaN/β-Ga2O3 epilayer measured at RT (squares) and at 

4 K (circles) with the double exponential decay fit (red and magenta lines) for each 

temperature. (b) Temperature dependent of radiative recombination lifetimes (squares) and 

non-radiative recombination lifetimes (circles) taken from the sample. 
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By defining the internal quantum efficiency ηint(T) as the ratio of the time-

integrated PL intensity at each temperature relative to that at the lowest temperature (4 K) 

and by assuming that the non-radiative channels are inactive at the lowest temperature (in 

line with the approach used in Rashba’s treatment177), we estimated the values of radiative 

τrad(T) and non-radiative τnr(T) recombination lifetimes using the following equations: 

τrad(T) =
τPL(T)

 𝜂int(𝑇)
;      (5.2) 

τnr(T) =
τPL(T)

1− 𝜂int(𝑇)
;        (5.3) 

where τPL(T) is the total recombination lifetime. The radiative and non-radiative 

recombination lifetimes obtained are plotted in Figure 5.13b. The squares and the circles 

indicate estimated τrad and τnr, respectively. As the temperature increases from 4 K to RT, 

τrad increases super-linearly from 51 ps to 2.8 ns as shown in Figure 5.13b. Such behavior 

has been reported at different Si-doping concentrations of GaN.180 The decay time behavior 

of highly Si-doped GaN may be explained by the fact that the recombination is governed 

by bound excitons at low-temperatures (<10 K), whereas in the intermediate temperature 

range (20 to 100 K), the free exciton decay rate is largely weakened by the high electron 

background concentration (due to the presence of Si dopant atoms). Since the sample is 

heavily doped, the effect of the free excitons is weakened, and donor-to-band transitions 

significantly contribute to the recombination events at intermediate and higher 

temperatures (~100 to 300 K). However, for undoped- and moderately-doped GaN 

epilayers, the radiative decay time is considerably enhanced by the free exciton 

transition.177 When temperature increases, the radiative lifetime decreases from 300 to 72 
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ps and non-radiative lifetime decreases, reflecting the thermal activation of non-radiative 

recombination processes (Figure 5.13b).177 

5.6 InxGa1-xN Thin Film Grown on the n-GaN Epilayer 

The growth of InxGa1-xN epilayer is influenced by the surface morphology of the 

underlying n-GaN layer, growth mode, indium incorporation, and carrier gas 

composition.181 It is, therefore, necessary to demonstrate that the Ga2O3 substrate can 

produce high structural and optical quality InxGa1-xN materials grown on this n-GaN/(-

201)-oriented β-Ga2O3 (using GaN buffer layer) that can be used in the development of 

SQW and MQW vertical devices.  

 

Figure 5.14 The 2.5×2.5-µm2 AFM images of the InxGa1-xN epilayers for different In 

concentrations a) x=0.1, b) 0.15, and c) 0.23. 

We investigated the morphology of InxGa1-xN samples through AFM (Figure 5.14a-c) 

whereby the surface roughness can be represented by the RMS average. Figure 5.14a-c 

show AFM images of In0.1Ga0.9N, In0.15Ga0.85N, and In0.23Ga0.77N thin films, respectively, 

deposited on n-GaN/β-Ga2O3. We observed low RMS roughness values of 0.91, 0.98, and 

1.5 nm, for In0.1Ga0.9N, In0.15Ga0.85N, and In0.23Ga0.77N, respectively, indicating good 
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quality smooth InGaN films on (-201)-oriented β-Ga2O3 substrates using GaN buffer layer, 

compared to Al2O3 and Si substates.182 At least one pit (dislocation) located in the center 

of each spiral is observed for all InGaN epilayers, as shown in Figure 5.14. 

 

Figure 5.15 The RT PL spectra of InxGa1-xN films; the oscillations is due to interference at 

the interface.  

Figure 5.15 shows the normalized PL spectra of these InxGa1-xN thin films, which 

exhibit an intense NBE emission at RT. The PL NBE peaks arising from In0.05Ga0.95N, 

In0.1Ga0.9N, In0.15Ga0.85N, and In0.23Ga0.77N were observed at 383, 415, 428, and 487 nm, 

respectively. Moreover, the PL FWHM of these InxGa1-xN NBE peaks increases from 60 

to 110 nm with increasing In concentration. The observed FWHM broadening is attributed 

to carrier localization due to the inhomogeneous compositional fluctuation of InN across 

the film as In concentration increases.183 Furthermore, PL emissions of all InxGa1-xN films 

grown on the (-201)-oriented β-Ga2O3 substrate showed high peak intensity compared to 
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those grown on Al2O3 substrates (Figure 5.16), indicating that the β-Ga2O3 substrate is a 

potential candidate for growing good quality InGaN materials. The blueshift of NBE peak 

(Figure 5.16) of the InGaN sample grown on (-201)-oriented β-Ga2O3 compared to that 

grown on Al2O3 can be due to a different degree of strain and InN compositional 

fluctuation.  

 

Figure 5.16 The PL spectra of In0.15Ga0.85N films grown on β-Ga2O3 and Al2O3. 

5.7 Summary 

High optical and structural quality InxGa1-xN epilayers (0 ≤ x ≤ 23) grown on (-

201)-oriented β-Ga2O3 substrate using low-temperature undoped GaN were demonstrated. 

Raman mapping and XRD RC showed high-quality uniform and nearly strain-free 2″ wafer 

grown on (-201)-oriented β-Ga2O3 substrate by using GaN buffer layer, confirming that 

this substrate can be used for large-scale technology for nitride-based vertical devices. 

TEM analysis confirmed the low TDD of the single-crystalline epilayers. The TD 

annihilation occurred near the interface between the substrate and the buffer layer was 
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discussed, as a result of TDs bending into the basal plane and reacting with dislocations of 

the opposite phase, before eliminating each other. The PL measurements revealed a high-

intensity dominant NBE emission peak, whereas TRPL showed a low non-radiative 

contribution. Thus, conductive and transparent β-Ga2O3 are expected to result in better 

current distribution, thermal management and better light extraction compared to sapphire. 

Its high stability is promising for manufacturing large scale and high-efficiency vertical 

devices, which increases the lifetime and simplifies the fabrication process.  
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Chapter 6: InGaN/GaN Single and Multiple Quantum Well Structures 

Grown on (-201)-oriented β-Ga2O3 

6.1 Introduction 

In the previous two chapters, high-quality, low TDD GaN epilayers and InGaN thin 

films on (-201)-oriented β-Ga2O3 substrate were successfully demonstrated. Since the QW 

structures act as the active regions for LEDs, it is important to grow the QW structures on 

the β-Ga2O3 substrate. In this chapter high-quality InxGa1-xN/GaN SQW and MQW 

structures will be discussed, with different InN content (0.05 ≤ x ≤ 0.13), grown on 

transparent and conductive (-201)-oriented β-Ga2O3 substrate, for the first time. The 

chapter will present the structural and optical properties of the InxGa1-xN/GaN SQWs and 

MQWs grown by MOCVD without any quality enhancement techniques, such as the 

epitaxial lateral overgrowth, substrate patterning or nano-imprint lithography. 

6.2 Sample Growth Conditions 

The (-201)-oriented β-Ga2O3 substrates was doped with Sn to improve the 

conductivity, and the carrier density of 1018 cm-3 was estimated using Hall measurements. 

A low-temperature undoped GaN buffer layer was grown to a thickness of ~2 nm at 490 

°C under a N2 and NH3 atmosphere on β-Ga2O3 substrates using a low-pressure vertical 

MOCVD reactor. Then, H2 was used as the carrier gas and the substrate temperature was 

increased to 920 °C to grow an n-type Si-doped GaN epilayer (of 4 × 1018 cm-3 carrier 

density and ~2.5 µm nominal thickness). To optimize the GaN layer quality, the 

temperature was increased further to 1080 °C to deposit another Si-doped GaN layer (of 

~2.5 µm thickness), followed by three periods of InxGa1−xN/GaN MQW growth. During 
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the MQW growth, precursors of TMGa, TMIn, and NH3 were used as source gasses and 

N2 at a pressure 400 mbar served as the carrier gas. The growth temperature varied from 

775 to 820 K for InN contents varied from 0.05 to 0.13, respectively. The growth sequence 

of the QW structures is shown in Figure 6.1 and the sample SQW/MQW structure is shown 

in Figure 6.2. 

 

Figure 6.1 The growth sequence of the QW growth. 

 

Figure 6.2 The schematic structure of the InGaN/GaN MQW structure. 
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6.3 Experimental Techniques 

The XRD measurements were performed by me on a Bruker D8 AXS 

diffractometer using a Cu Kα1 line of λ= 1.5406 Å), a 2-bounce Ge (220) monochromator 

and a Göbel mirror (performed in Tamura Co. Ltd, Japan). The required elemental 

distribution in MQW was achieved using SIMS technique. Depth profiling experiments 

were carried out on In and Ga atoms using a dynamic SIMS instrument operated at ultra-

high vacuum conditions under SNMS mode.18 The STEM images were acquired with a 

Titan 60-300 TEM from Thermo Fisher, USA, equipped with a Probe Cs corrector. Dark-

field STEM mode was used to obtain Z-contrast images with Fischione HAADF detector 

at 300 kV with a probe semi-convergence angle 20 mrad, 100 mm camera length, and a 

probe current of 100 pA. The TDPL and temperature-dependent TRPL measurements on 

the MQW were performed to study the carrier recombination dynamics of the MQW 

structures through above/below-GaN QB bandgap excitations. PL measurements were 

performed via above/below-GaN bandgap excitations using a CW 325 nm He-Cd laser and 

405/376 nm solid-state lasers, respectively. The spectra were collected by an Andor 

monochromator attached to a CCD camera. The TRPL spectra were excited at RT and 6 K 

by the second-harmonic (400 nm) pulses of a mode-locked Ti:sapphire femtosecond pulsed 

laser (with a pulse width of ~190 fs and a power density of 7 W/cm2 at 2 MHz repetition 

rate). A Coherent Verdi-V18 diode-pumped solid-state CW laser was used to pump the 

Ti:sapphire laser. The sample emission was detected by a monochromator attached to a 

Hamamatsu streak camera (C5680) with 10 ps temporal resolution in single-mode 

operation. 
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6.4 Structural Characterization 

6.4.1  XRD Analysis 

 

Figure 6.3 The XRD scan on InxGa1-xN/GaN (a) SQW and (b) MQW samples for the (0002) 

reflection from the QWs with different x-values (0.05, 0.1 and 0.13). 

Figure 6.3a and b shows the XRD ω/2θ scan spectra for for all InxGa1-xN (x = 0.05, 

0.1 and 0.13) SQW and MQW samples. The sharp peak (observed at θ = 17.4°) in each 

figure is due to the (0002) reflection from the GaN epilayer. The satellite peaks originate 

from the periodic QW layers. The law angle shoulder peak (zeroth-order) on the GaN 

(0002) peaks represents the average indium composition in the QWs, the larger splitting 

between the GaN and the zeroth-order peak means a higher indium content184,185 as shown 

in the Figure 6.3. The average In composition of the SQW and MQWs, and the period 

determined from the relative positions of the zeroth- and higher-order peaks confirms a 

similar InN concentration in SQW and MQWs grown under same conditions. Broadening 
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of the satellite peaks can be observed as InN content increases because higher InN content 

introduces greater roughness at the interface.  

6.4.2  SIMS Analysis 

To obtain more accurate information on elemental (In and Ga) distribution in the 

MQW samples, the depth profiling experiments were carried out on In and Ga atoms using 

a dynamic SIMS instrument operated at ultra-high vacuum conditions under SNMS 

mode.137 A continuous Ar+ beam was employed to sputter the surface while the selected 

ions ascribed to Ga, N and In were sequentially collected using a Maxim spectrometer 

equipped with a quadrupole analyzer. Beside the emitted secondary ions, the SIMS 

instrument has the capability to ionize the sputtered neutral particles using an electron 

impact cell located at the entrance of the spectrometer. SNMS mode is a valuable tool used 

to bypass the matrix effect (a very common challenge in the SIMS mode) so that the 

produced signal is linearly proportional to the elemental content.137 Consequently, 

quantified depth profiles are obtained for In and Ga using the SNMS mode.  

The quantification of In and Ga in a SQW and MQW samples obtained in SNMS 

requires the use of a reference bulk InGaN sample where the concentration of In and Ga 

are perfectly known. The concentration of In and Ga in a bulk InGaN layer are measured 

using XPS technique.2 XPS experiments were performed on a KRATOS Analytical 

AMICUS instrument equipped with an achromatic Al Kα X-ray source (1468.6 eV). 

Typically, the source was operated at voltage of 10 kV, resulted in generating a current of 

10 mA, produing a power of 100 Watts. The survey spectrum was acquired using a step of 
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1 eV. The pressure in the analysis chamber was below 4 × 10-6 Pa during the whole 

measurement time. 

A typical XPS survey spectrum of the InGaN thin film reference sample is shown 

in Figure 6.4. The photoemission lines of Ga, In and N are consistent with what has been 

previously reported.3, 4 Indeed, the survey spectrum is composed of photoelectron peaks of 

Ga assigned to Ga 2p, Ga 3d, Ga 3p and Ga 3s in addition to Auger peaks which are clearly 

identified. In 3d and In 3p are the major photoemission lines ascribed to the In. Oxygen 

and carbon signals, respectively, O 1s and C 1s, are assumed to originate from a thin 

contamination layer.  

 

Figure 6.4 The survey XPS spectra acquired for the reference InGaN thin film sample. 

The SIMS experiments were repeated several times to estimate the concentration 

range for Ga and In compositions across the 2″ wafers of these samples. The QW and QB 

width was calculated by analyzing the FWHM values of the depth profile. Figure 6.5. 
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shows the SNMS quantitative depth profiles for two SQW samples with the highest InN 

compositions, indicating one homogeneous InGaN QWs. The SQW sample with InN 

concentration x=0.1 show an average QW width of ~3.9 nm and that of x=0.13 calculated 

as ~3.4 nm. The average InN compositions were estimated to be ⁓10 % and ⁓13 % for 

these two SQW wafers. The SQW samples shows less stability of the ions compared to 

MQW samples. 

 

Figure 6.5 The SNMS depth profiling of InxGa1-xN/GaN SQW sample with different InN 

compositions (a) x = 0.1 and (b) x = 0.13.  

Figure 6.6 shows the SNMS quantitative depth profiles for two MQW samples. 

After conducting multiple measurements, the lowest and the highest InN concentration 

values on the same sample at the different region is represented by solid and dashed lines. 

Figure 6.6a and 6.6b confirms that the InN composition is in the range of 12−13.5% and 

9−10.5% for both MQW samples. The average value has been calculated by averaging the 

InN composition from several experiments carried out at different 2˝ wafer positions, 

indicating average InN compositions to be x = 0.13, and 0.1 respectively. The 



116 
 

In0.13Ga0.87N/GaN MQW sample exhibits more uniform profiles, with the QW and QB 

width of ~3 nm and ~7 nm, respectively. The average QW and QB thickness in the 

In0.1Ga0.9N/GaN MQW sample was ~4.1 nm and ~8.5 nm, respectively. The depth profiling 

quality, the depth resolution and the stability of ion signals in particular, is similar for both 

samples indicating well-defined and high-quality MQW growth. The SNMS results 

indicate low InN composition fluctuation across the 2″ wafer, especially for In0.13Ga0.87N 

sample.  

 

Figure 6.6 The SNMS depth profiling on InxGa1-xN/GaN MQW samples with (a) x = 0.13 

and x = 0.1. 

6.4.3  TEM Analysis 

We confirmed the QW and the QB dimensions by performing cross-sectional 

STEM analysis (along g = 0002) on the QW sample (x = 0.13), as shown in Figure 6.7b. 

STEM scans show that the MQWs structures exhibit high-quality. No TD penetration to 

the MQW is observed over a 15 µm lamella (prepared by FIB). Very low TDD is observed, 
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which can be due to the bending and termination of TDs near the interface, as shown in 

Figure 6.7a and the explanation is done in the previous chapter.186 Figure 6.7c shows a 

high-resolution STEM image, confirming the well-defined QW and QB width, which is in 

good agreement with the SIMS results. These results suggest that (-201)-oriented β-Ga2O3 

is a promising substrate for high-quality devices. 

 

Figure 6.7 The cross-sectional STEM image (a) at the interface between β-Ga2O3 and GaN, 

(b) the In0.13Ga0.87N/GaN MQW and (c) high resolution image, indicating QW and QB 

dimensions.  

6.5 Optical Characterization 

6.5.1 PL Analysis 

We study the optical properties of InxGa1-xN/GaN SQW and MQW samples by PL. 

Figure 6.8a and b show the typical PL spectra of SQW structures measured at RT and low 

temperature (13 K), respectively, using above QB-bandgap excitation ( = 325 nm). For 

both SQW and MQWs, the peak emission exhibits a slight shift up to ~2 nm across the 2″ 

wafer due to InN compositional fluctuations.187,188 The broadening of the InxGa1-xN 

emission peak is dependent on the InN compositional fluctuations in the InxGa1-xN QW. 

The oscillations in the PL spectra are related to Fabry-Perot optical interference within the 

structure.189 These Fabry-Perot fringes result from the high refractive index contrasts 
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between the layers, confirming that the samples have a very smooth interface surface. At 

low temperature (Figure 6.8a), the PL spectra of the InGaN/GaN SQW samples produce 

the InxGa1-xN bandedge emission peak at 3.23 eV (x = 0.05), 2.95 eV (x = 0.1), and 2.75 

eV (x = 0.12). All samples produce a peak of high intensity even at RT, as shown in Figure 

6.8b. For all SQW samples grown on β-Ga2O3 substrates, we observe a very weak YL with 

negligible intensity compared to the intensity of InGaN bandedge emission.  

 

Figure 6.8 Normalized PL spectra of the SQW samples at (a) 13 K and (b) RT obtained 

using 325 nm CW laser excitation.  
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Figure 6.9 Normalized PL spectra of the MQW samples at (a) 10 K and (b) RT obtained 

using 325 nm CW laser excitation. The inset indicates a comparison of the PL spectra of 

In0.05Ga0.95N/GaN MQW structures grown on β-Ga2O3 and sapphire substrates. 

Figure 6.9a and b show the typical PL spectra of all MQW samples measured at RT 

and low temperature (10 K), respectively, obtained by exciting the MQWs to the energy 

above the GaN QB bandgap.187,188 All samples show high intensity bandedge emissions 

associated with recombination at the MQWs even at RT with a very weak YL with 

negligible intensity. At RT, the MQW peaks are located at 3.21, 3.03, and 2.67 eV (Figure 

6.9a), whereas at low temperature, the similar peaks are located at 3.25, 3.05, and 2.71 eV 

(Figure 6.9b), corresponding to x = 0.05, 0.1 and 0.13, respectively. The MQW PL 

emission peak shows a blueshift compared to the SQW peak due to the variation in the well 

width or a greater degree of strain in MQWs.190 In addition, we found that the ratio of PL 



120 
 

intensity at RT to 13 K is much higher for MQWs compared to SQW, indicating a better 

efficiency of MQW samples. This difference implies that the radiative recombination 

process is more dominant at RT for MQWs relative to SQW. The percentage ratio of PL 

intensity at RT to 10 K for the MQWs are noted to be 23.5%, 11% and 29.3% for x = 0.05, 

0.1 and 0.13, respectively, indicating that the sample with x = 0.13 has the highest optical 

quality. 

 

Figure 6.10 The FWHM values of SQW and MQW PL peaks at 13 K vs InN contents.  

For comparison, similar In0.05Ga0.95N/GaN MQW structures have been grown on a 

sapphire substrate. The inset of Figure 6.9b shows the RT PL spectra pertaining to 

In0.05Ga0.95N/GaN MQWs grown on (-201)-oriented β-Ga2O3 substrates with a roughly 

two-fold higher PL intensity than that associated with MQWs grown on sapphire, although 

the FWHM and peak energy remain the same. These findings indicate a better optical 

quality of In0.05Ga0.95N/GaN MQW structures grown on β-Ga2O3 relative to those grown 

on the sapphire substrate. Furthermore, Figure 6.10 shows a lower FWHM value associated 

with SQWs and MQWs with different In content and the MQWs with x = 0.12 compared 

to x = 0.1, indicating a lower InN compositional fluctuation, as shown by SNMS (Figure 

6.6).183  
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Figure 6.11 PL peak energy (blue) and FWHM (black) as functions of temperature for the 

InxGa1-xN/GaN MQW samples with (a) x = 0.13, (b) x = 0.1 and (c) x = 0.05.  

Since both SQW and MQW samples exhibit a similar optical behavior, we studied 

the MQW samples only as they have higher optical and structural quality and are potential 

for vertical LED devices. To understand the emission dynamics of the MQW extensively, 

the PL peak-energy and the FWHM value as a function of temperature (10−300 K) is 

plotted in Figure 6.11 for all the MQW samples. The peak-energy for x = 0.13 and x = 0.1 

samples exhibits typical ‘S-shape’ behavior as the temperature increases, which is the 

characteristic of the localization in MQWs,191 as shown in Figure 6.11a and b, respectively. 

For In0.1Ga0.9N/GaN MQWs, the MQW peaks exhibit a redshift as temperature increases 

(up to 50K), followed by a slight blueshift and a subsequent redshift up to 300 K. The 

initial redshift is a result of the thermally activated carriers undergoing hopping and 



122 
 

relaxing down into strongly localized states. The slight blueshift due to a further 

temperature increase is attributed to the carriers occupying higher-energy levels of the 

localized states.191,192 Similar behavior is observed for In0.13Ga0.87N/GaN MQWs, whereby 

the initial peak-energy switch from redshift to blueshift occurs at a higher temperature (65 

K), indicating a larger potential variation or localization. The carriers are thermally excited 

out of the potential minima at a higher temperature if a deeper potential fluctuation exists. 

In the low temperature region, the narrowing of FWHM occurs due to the redistribution of 

carriers in both deep and shallow localization states. Further increase in the temperature up 

to RT causes FWHM broadening for both samples. Generally, this FWHM increase 

accompanying the peak energy redshift as the temperature increases is due to carrier 

thermalization.191,192 On the other hand, for the sample with x = 0.05 (Figure 6.11c), the 

peak energy and FWHM remain constant up to T= 130 K, after which the peak energy 

shows a redshift and FWHM increases as temperature increases to 300 K, indicating the 

typical thermalization of the carriers.183 Thus, the best FWHM value was obtained for the 

sample with x = 0.13, confirming a MQW of superior quality, which is in agreement with 

the SNMS results (Figure 6.6).  

As the In0.13Ga0.87N/GaN and In0.1Ga0.9N/GaN MQW samples showed better 

optical quality than that of x = 0.05, we conducted further in-depth investigations of their 

optical properties by the below-QB bandgap excitation. Such excitation allows us to study 

exclusively the carrier behavior inside the MQWs by only exciting the carriers inside the 

QW. Figure 6.12 shows a comparison of the PL spectra obtained through above- and 

below-QB bandgap excitations. For In0.13Ga0.88N MQW sample (Figure 6.12a), the below-

QB bandgap excitation produces low-energy peak at 2.74 eV accompanied the main peak 
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(2.77 eV), which can be due to quasi-confinement states or two-dimensional potential 

minima formed inside the QW because of the InN compositional fluctuations,193 and the 

carrier recombination preferentially occurs through the localized potentials.194 When the 

carriers are excited by the above-QB bandgap excitations, the recombination at the QWs 

requires multiple phonon energies. In this case, photon energy can be resonant with the 

quasi-confinement energy levels and the carrier relaxation may occur through few active 

energy levels only, resulting in the disappearance of some peaks. The shoulder at 2.81 eV 

arises due to the In fluctuations. For the In0.1Ga0.9N MQW, the peak energy exhibits a 

redshift only under the below-QB bandgap excitation (376 nm) compared to that produced 

by the above-QB bandgap excitation, as shown in Figure 6.12b, which is within the 

resolution limit of the grating (~0.5 nm). 

 

Figure 6.12 Comparison of PL spectra obtained at 10 K by excitation energies above (325 

nm) and below (405 and 376 nm) the QB bandgap energy for the samples with x= (a) 0.13 

and (b) 0.1. 
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6.5.2  TRPL Analysis 

TRPL is a powerful and nondestructive experimental technique suitable for 

studying the fundamental physics of the carrier dynamics.195,196 Therefore, we studied the 

carrier recombination dynamics by TRPL to elucidate the radiative recombination 

contributions and the effect of the localized potentials on the highest quality sample (x = 

0.13) by the below-QB bandgap (400 nm) excitation.195,196 In this experiment, we used a 

single sweep mode operation of the Hamamatsu streak camera, since the decay time for the 

MQW were in the range of ns. Therefore, the TRPL spectra were excited at RT and 6 K by 

the second-harmonic (400 nm) pulses of a mode-locked Ti:sapphire femtosecond pulsed 

laser with a pulse width of ~190 fs and a power density of 7 W/cm2 at 2 MHz repetition 

rate. A bi-exponential decay is observed from the overall emission peak indicating multi-

level recombination, as shown in Figure 6.13a. 

 

Figure 6.13 (a) TRPL spectra for the MQW (with x = 0.13) structure obtained at 6 K and 

RT fitted by the bi-exponential decay (the blue lines correspond to the fit using Equation 

(5.1)). (b) Temperature-dependent lifetime.  
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The bi-exponential decay can be expressed as in Equation 5.1 and can be written as197,198 

𝐼(𝑡) = 𝐴1 𝑒𝑥𝑝 (
−𝑡

𝜏𝑃𝐿1
) + 𝐴2 𝑒𝑥𝑝 (

−𝑡

𝜏𝑃𝐿2
) 

The fast and slow decay times of 4.2 and 22.8 ns are obtained at 6 K, compared to 

1.67 and 7.76 ns at RT, respectively. Figure 6.13a shows that the overall PL decay time 

decreases at RT compared to that at 6 K, which is due to the carrier thermalization and 

dominant non-radiative recombination.66 The radiative lifetime (𝜏𝑅) and non-radiative 

lifetime (𝜏𝑁𝑅) can be deduced from the slow PL decay time, 𝜏𝑃𝐿, and internal efficiency, 

𝜂𝑖𝑛𝑡, for the MQWs as a function of temperature.199 The ratio of integrated PL intensity at 

temperature T to that at 6 K can be used as a measure for internal quantum efficiency 

𝜂𝑖𝑛𝑡 by assuming that the non-radiative channels are inactive at the lowest possible 

temperature (6 K) at which the recombination processes is mostly radiative in nature. 𝜏𝑅 

and 𝜏𝑁𝑅 can be obtained by Equation 5.2 and 5.3. 

Figure 6.13b shows the temperature dependence of 𝜏𝑅, 𝜏𝑁𝑅 and 𝜏𝑃𝐿 values for the 

samples obtained from Equation 5.2 and 5.3. The photo-excited carriers mainly decay 

through radiative recombination and non-radiative recombination processes. 

In0.13Ga0.87N/GaN MQW TRPL shows that, at low temperatures, recombination process is 

mostly radiative in nature and the PL lifetime is close to the 𝜏𝑅. In the intermediate 

temperature range (60−150 K), the effect of non-radiative recombination starts to 

contribute to the recombination process. The radiative lifetime 𝜏𝑅 remains almost constant 

within the error range (±0.8 ns) when the temperature increases from 6 K to 150 K, 

indicating strong localization of the excitons at these temperatures.200 On the other hand, 
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𝜏𝑁𝑅 decreases rapidly with temperature and becomes smaller than 𝜏𝑅 above 150 K, 

decreasing to 10 ns at RT. The radiative/non-radiative crossover point (at which the non-

radiative recombination rate starts to exceed radiative recombination rate) occurs at ⁓150 

K due to severe suppression of non-radiative recombination below 150 K, confirming high-

quality localization in the MQW. 

 

Figure 6.14 (a) PL spectrum of In0.12Ga0.88N/GaN MQW excited by 400 nm at 6 K; (b) 

TRPL decay spectra; and inset of (b) the TRPL contour plot of the spectrum as a function 

of wavelengths and decay time. 

Furthermore, we performed the decay time analysis at the different energy peaks 

positions at the PL emission spectra to understand the process of recombination. Figure 

6.14a shows the PL spectrum of In0.13Ga0.87N/GaN MQW sample at 6 K (which was chosen 

as the thermally activated nonradioactive recombination can be eliminated at this 

temperature). The two peaks at 2.74 eV and 2.77 eV are observed (above 200 K, peaks are 

difficult to be distinguished from the Fabry-Perot fringes). The peak at 2.65 eV is due to 

LO phonon. TRPL analysis shows that at low-temperatures, the radiative recombination 

process dominates the emission. Figure 6.14b shows the decay curves of the TRPL profile 
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and the fitting with bi-exponential decay function, at photon energies 2.77 eV and 2.74 eV. 

The peak at the high-energy side peak (2.77 eV) shows that both τPL1 and τPL2 are faster 

relative to those pertaining to the low-energy peak (2.74 eV). This difference indicates that 

a high-energy peak exhibits weak confinement due to the in-plane potential traps formed 

due to indium-rich regions having larger dimensions, resulting in a weak confinement of 

carriers.201 The longer radiative lifetime at 2.74 eV indicates significantly prolonged carrier 

radiative lifetime in the MQWs (the recombination rate of low-energy peak is lower 

compared to the high-energy peak).202 This low rate may explain the peak disappearance 

under above QB-bandgap excitation. 

6.6 Summary 

In this chapter, the optical characterizations of InxGa1-xN/GaN SQW and MQW 

structures grown on transparent and conductive (-201)-oriented β-Ga2O3 substrate show 

sharp NBE emissions, indicating high optical quality QW structures. No TD penetration 

into the MQW were observed. The PL measurements using above/below-QB bandgap 

excitations revealed sharp emissions and presence of localized states. TDPL showed a 

typical S-shape behavior. TRPL findings indicated that radiative recombination is 

predominant. The results confirmed that (-201)-oriented β-Ga2O3 are potential for reliable 

and bright vertical LEDs, emitting light omnidirectionally via a direct growth method for 

cost-effective devices.
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Chapter 7: InGaN/GaN MQW Vertical-LED on (-201)-oriented β- 

Ga2O3 Substrate 

7.1 Introduction 

In this chapter, a state-of-the-art high-efficiency GaN-based VLED grown on a 

transparent and conductive (-201)-oriented (β-Ga2O3) substrate will be presented, obtained 

using a straightforward growth process that does not require a high cost lift-off technique 

or complex fabrication process as the cost-effective VLED manufacturing process is 

needed to meet the commercial objectives. The structure of the LED are improved by 

MOCVD grower company (Tamura Corporation and Novel Crystal Technology, Japan). 

Then, InGaN MQW-based VLEDs electrical characterizations will be presented. Optical 

properties will be studied in details, including carrier dynamics.  

7.2 Sample Growth Conditions 

 Figure 7.1 shows the basic structure of the VLED under investigation. InxGa1-

xN/GaN MQW-based blue VLED was grown by MOCVD on (-201)-oriented monoclinic 

β-Ga2O3 (680 µm thickness) (by Tamura Co and Novel Crystal Technology, Inc). The 

nominal InN composition was x = 0.15. The β-Ga2O3 substrate was masked with patterned 

SiNx arrays (made by standard photolithography patterning and etching). A low-

temperature undoped AlN buffer layer was grown on (-201)-oriented β-Ga2O3 substrates 

using a low-pressure, vertical MOCVD reactor to protect Ga2O3 surface from being 

nitridized and to supply growth nuclei for upper GaN layer. The thickness of the AlN layer 

was optimized to be ⁓2nm to provide good conductivity at the interface and to reduce the 

lattice mismatch between the substrate and GaN. Then, NH3 and H2 carrier gasses were 
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used to grow an n-type Si-doped GaN epilayer (with 4×1018 cm-3 carrier density and ~ 2.5 

µm nominal thickness) at the substrate temperature of 920 °C. To improve the quality of 

the uppermost GaN layer, the temperature was increased further to 1080 °C, and a second 

(~2.5 µm thick) Si-doped GaN layer was deposited. This two temperature growth process 

decreases the formation of epicracks and reduce dislocations which improves the quality 

of upper n-GaN layer.186 followed by a pre-MQW InGaN/GaN superlattice (SLS) layer, 

the InxGa1−xN/GaN MQW structure, and the p-GaN layer (doped with Mg).203 During the 

MQW growth, precursors of TMGa, TMIn, and NH3 were used as source gasses, while N2 

served as the carrier gas. Afterwards, the structural and optical characterizations were 

performed on the sample and the p- and n- contacts were fabricated by E-beam evaporation 

deposition method to perform the electrical characterization of the LED. The Ti/Au metals 

were deposited as an n-contact. The p-contact (Ag/Au/Ti/Au) was fabricated as a reflective 

mirror, which helps to reflects back the portion of the light passes to the substrate. This 

causes an increase in the overall light emitted from the LED and increase the LEE of the 

VLED.204 

 

Figure 7.1 A schematic diagram of the VLED structure. 
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7.3 Experimental Technique 

Z-contrast STEM imaging and EDX elemental mapping at 200 kV were performed 

by a Titan Themis Z 40-300 TEM from Thermo Fisher, USA, equipped with a Super-X 

EDX detector. To obtain the Z-contrast images, we used a Fischione high-angle annular 

dark-field detector under the following conditions: 20 mrad probe semi-convergence angle, 

100 mm camera length, and 150 pA probe current. PL measurements were performed using 

a 325 nm CW He-Cd laser at the 4−300 K temperature range. The excitation laser power 

was measured at ~6 mW; the laser diameter was ~100 µm. The spectra were collected by 

an Andor monochromator attached to a charge coupled device camera. PDPL and TRPL 

experiments were conducted using second harmonic (λ = 400 nm) pulses of a mode-locked 

Ti:sapphire femtosecond pulsed laser (frequency doubled with a barium borate crystal) 

with a pulse width of ~190 fs. The pulse power density was 70 kW/cm2 with a 2 MHz 

repetition rate, whereas the power-dependent PL measurements were acquired at a 76 MHz 

repetition rate. A Coherent Verdi-V18 diode-pumped solid state CW laser was used to 

pump the Ti:sapphire laser. In both experiments, the sample emission was detected by a 

monochromator attached to a UV-sensitive Hamamatsu model C5680 streak camera with 

a temporal resolution of 10 ps. The current was varied using the Keithley-2400 source 

meter. The I−V and EL measurements at RT were carried out using a probe station system 

(vertical injection). The EL spectra were collected by a near-UV microscope objective 

(20×) with a numerical aperture of 0.04, linked to the same TRPL detection system. 
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7.4 Structural Characterization 

We analyzed the structural quality of the InGaN/GaN MQW VLED using high-

resolution imaging with STEM in combination with spatially resolved EDX spectroscopy. 

The light emission from the VLED (as shown in Figure 7.1), is through the n-GaN and 

substrate layers using p-contact (Ag/Au/Ti/Au) reflective mirror. Due to the low series 

resistance because of vertical current distribution and high conductivity of the substrate, 

the heat generation will be minimized compared to lateral injection LED.14,205  

 

Figure 7.2 (a) The cross-sectional STEM image of the interface between the substrate and 

VLED. (b) Enlarged image of the interface indicating the TD density. 

Figure 7.2 shows the cross-sectional Z-contrast (sensitive to atomic number) at the 

interface of GaN and the β-Ga2O3 substrate. Figure 7.2a reveals the patterned SiNx 

structures on β-Ga2O3 with low temperature grown AlN buffer layer (2 nm). The sample 

interface is damaged while performing the FIB process for the TEM lamella preparation 

and introduced a gap at the GaN/β-Ga2O3 interface because of the easy cleavage planes of 

β-Ga2O3 substrate. An enlarged image of the interface in Figure 7.2b, captured close to the 

[100] zone axis by exciting the (0002) Bragg reflection, shows a very low TD density 
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compared to that of high-quality LEDs grown on sapphire,168 and the TDs are terminated 

within 500 nm of the interface. This termination of the TDs is explained in the chapter 5.168  

 

Figure 7.3 A schematic diagram of the structure near the interface between GaN and the β-

Ga2O3 substrate showing the SiNx patterns. 

 

Figure 7.4 (a) A schematic diagram of the device, indicating the setup used to measure the 

conductivity at the interface and (b) the current density vs. voltage behavior for the same 

structure. 

The substrate was doped with Sn to increase its n-type conductivity, and the carrier 

density of 1018 cm-3 was estimated via Hall measurements. The schematic diagram near the 
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interface is shown in Figure 7.3, indicating the SiNx patterns. The SiNx pattern shows a 

lower width of 1.5 μm and a height of 0.8 μm, with a structure-array pitch spacing of 3.5 

μm. The IV curve shows a schotkey behavior without the SiNx patterns and improved to 

an ohmic behavior with the SiNx patterns using the similar structure as shown in Figure 

7.4a and 7.4b.  

 

Figure 7.5 (a) STEM image of the InGaN/GaN SLS and MQW regions. (b) Atomic 

resolution STEM image of the QW and QB.  

Figure 7.5a displays the STEM image of 12 pairs of InGaN QWs/GaN barriers 

MQWs and 25 underlying pairs of InGaN (1 nm)/GaN (2 nm) pre-MQW SLS layers. The 

SLS layer assists in spreading the current, further enhancing the device efficiency 

(including wall-plug efficiency) and improving the VLED performance.206 Figure 7.5b 

shows the atomic-resolution STEM images of the QWs and the QBs, revealing a 

homogeneous thickness (2.5 nm and 6 nm, respectively) and well-defined edges. No TDs 

are observed in the MQW region. The image of the QW is shown in Figure 7.6 (top one), 

where no InN diffusion from the QW to the barrier region is observed, indicating a superior 

quality, as shown in the EDX Ga and In mapping (Figure 7.6 top to bottom). In addition, 
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no structural defects or inhomogeneous stresses are observed in the QW area, as indicated 

by the STEM image. 

 

Figure 7.6 The STEM image and corresponding EDX elemental map of Ga and In, and the 

superposition of Ga and In map with STEM image. 

7.5 Electrical Characterization 

Figure 7.7a shows the I–V curves corresponding to the electrical characteristics of our 

VLED. The VLED shows a rectifying behavior, with a turn-on voltage of approximately 

2.8 V, and a reverse-bias leakage current is absent at voltages below -10 V. The reduction 

of reverse leakage current noted at a high reverse voltage in InGaN VLEDs is attributed to 

the high-quality of the epitaxial material, with a very low TD density and a low leakage 

current due to the tunneling effect.207 The forward voltage at an injection current of 20 mA 

is 3.7 V, and a bright and uniform light emission is observed over the entire VLED surface 

(shown in the inset of Figure 7.7a). These findings, when interpreted jointly, indicate that 

β-Ga2O3 provides uniform current spreading, low resistance, and excellent heat dissipation, 

which result in reliable high-performance VLED devices. 
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Figure 7.7 (a) I−V curve from InGaN/GaN MQWs VLED grown on β-Ga2O3 substrate 

(photo of EL emission at an injection current of 20 mA is shown in the inset). (b) EL spectra 

as a function of the injection current in the VLED.  

To assess the efficiency of the VLED, we performed efficiency and EL intensity 

measurements as a function of the carrier generation rate. LED efficiency is typically 

evaluated in terms of the external quantum efficiency (EQE), the IQE, and the LEE. A 

decrease in EQE with an increase in the injection current is normally ascribed to a reduction 

in IQE, since LEE is usually constant, regardless of changes in the injection current.208 

Thus, when investigating the VLED efficiency and droop, IQE is the most important 

factor.3 Figure 7.7b shows the EL spectra of the InGaN/GaN MQW VLED as the input 

current increases from 2 mA to 150 mA. At an injection current of 20 mA, a strong and 

sharp blue emission peak with a 97 meV FWHM appears at ~452 nm.  

The IQE values were extracted from the EL data by applying the simplified ABC 

rate equation to fit the experimental EL data.209,210 According to this model, the IQE and 
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the different contributions from the radiative and non-radiative recombination processes at 

specific injection currents can be calculated without first obtaining the exact values of the 

A, B, and C coefficients. The rate equation of 𝐺 (the total carrier generation rate) can be 

written as209,211  

𝐺 = 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3,      (7.1) 

where 𝐴𝑛 represents the SRH non-radiative recombination rate, 𝐵𝑛2 is the radiative 

recombination rate, and 𝐶𝑛3 is the Auger non-radiative recombination rate. Moreover, the 

integrated EL intensity (𝐼𝐸𝐿) is proportional to the carriers undergo radiative recombination 

rate (𝐵𝑛2) in the QW. So 𝐼𝐸𝐿 can be written as, 

𝐼𝐸𝐿 = 𝛼𝐵𝑛2      (7.2) 

where 𝛼 is a constant determined by the total volume of the excited carriers in the active 

region and the total EL collection efficiency. We can rewrite n in terms of 𝐼𝐸𝐿 as,  

𝑛 = √
𝐼𝐸𝐿

𝛼𝐵
       (7.3) 

By replacing n with 𝐼𝐸𝐿 in Equation 6.1, G can be rewritten as 22-23  

𝐺 = 𝐴√
𝐼𝐸𝐿

𝛼𝐵
+

𝐼𝐸𝐿

𝛼
+ 𝐶 (

𝐼𝐸𝐿

𝛼𝐵
)

3
2⁄
     (7.4) 

On the other hand, the electrical carrier generation rate can be written in terms of the total 

current injected I and the active volume (𝑉𝑄𝑊, volume where the recombination occurs) as 

22 

𝐺𝑒𝑙𝑒 = 𝐼
(𝑞𝑉𝑄𝑊)⁄        (7.5) 
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where 𝑞 is the elementary charge. So we can equate the equation 6.4 and 6.5, the expression 

for calculating G can be rewritten as, 

 𝐼 (𝑞𝑉𝑄𝑊)⁄ =  
𝐴

√𝛼𝐵
√𝐼𝐸𝐿 +

𝐼𝐸𝐿

𝛼
+

𝐶

(𝛼𝐵)
3

2⁄
(𝐼𝐸𝐿)

3
2⁄    (7.6) 

And,  

𝐼 =  
𝑞𝑉𝑄𝑊𝐴

√𝛼𝐵
√𝐼𝐸𝐿 +

𝑞𝑉𝑄𝑊

𝛼
𝐼𝐸𝐿 +

𝑞𝑉𝑄𝑊𝐶

(𝛼𝐵)
3

2⁄
(𝐼𝐸𝐿)

3
2⁄    (7.7) 

This can be rewritten as, 

𝐼 =  𝑃1√𝐼𝐸𝐿 + 𝑃2𝐼𝐸𝐿 + 𝑃3(𝐼𝐸𝐿)
3

2⁄  ,    (7.8) 

where 𝑃1, 𝑃2, and 𝑃3 are the fitting parameters expressed in terms of 𝐴, 𝐵, 𝐶, 𝛼, 𝑞, and 𝑉𝑄𝑊. 

The IQE is defined as the proportion of the radiative recombination out of the all carrier 

generated in the QW. Thus, the IQE can be written as  

𝜂𝐼𝑄𝐸 =  
𝐵𝑛2

𝐺𝑒𝑙𝑒
       (7.9) 

By equating the corresponding terms the IQE can be written as, 

𝜂𝐼𝑄𝐸 =
𝐼𝐸𝐿𝑃2

𝐼
      (7.10) 

Figure 7.8 shows the EL peak intensity and the calculated IQE as functions of the 

input current. As shown in Figure, the EL output intensity increases as the applied current 

increases. The maximum 𝜂𝐼𝑄𝐸 value (~78%) is observed at an injection current of 33 mA. 

The efficiency droop (~17%) is calculated by comparing this maximum IQE value, and 

that measured at 160 mA. No decline in the EL intensity is observed in this injection range, 
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indicating a good performance of the device and suggesting that the Auger recombination 

is negligible at high carrier injection rates. Therefore, the IQE droop can be ascribed to the 

saturation of the non-radiative recombination rate at low currents, and an increase in the 

SRH process of the non-radiative recombination rates at high currents.212  

 

Figure 7.8 EL intensity and IQE as functions of the injection current for the VLED.  

To further investigate the cause of the droop noted in our VLED, we studied the 

peak energy and the FWHM of the EL peak as a function of the input current. Figure 7.9 

shows that, as the current increases from 50 mA to 160 mA, the peak energy remains 

relatively constant, with a very slight redshift (~8 meV). On the other hand, while the 

FWHM remains constant at low current values (up to 45 mA), it increases at higher current 

values. The behavior of the FWHM and the position of the peak at low current injection 

values can be attributed to a negligible QCSE caused by the very small piezoelectric 

internal electric field and a few localized energy states in the MQWs. The abatement of 

this piezoelectric field can be attributed to the high-quality of the GaN upper layers, which 

are characterized by reduced strain and dislocation densities at the QW/QB interface grown 
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on (-201)-oriented monoclinic β-Ga2O3.186,213 Thus, the increase in the FWHM and the 

slight red-shift of the emission peak can be ascribed to the known band-filling of the low 

energy band tail by carriers in the QWs in the high injection carrier density region214 and 

to the effect of bandgap renormalization from the enhanced indium composition inside the 

QWs.215 

 

Figure 7.9 EL peak energy (black) and FWHM (blue) vs. the injection current.  

7.6 Optical Characterization  

7.6.1 PL Analysis 

The TDPL measurements were carried out to elucidate the thermal activation of the 

carriers from the QWs and QBs at different temperatures. For this purpose, λ = 325 nm 

(above the QB bandgap) laser excitation was chosen, as the EL measurements were carried 

out by exciting the carriers from both the QWs and QBs. Figure 7.10 shows the integrated 

intensity as a function of temperature (the PL spectra of the MQWs at RT and 4 K are 

presented in the inset); the peak intensity initially decreases with the increase in 

temperature, after which it remains constant. This plateau is observed at temperatures up 
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to 170 K, indicating the high-quality of the active region and the low defect densities, as 

the activation of non-radiative recombination centers occurs at higher temperatures (> 170 

K),216 causing thermal quenching of the PL intensity.  

 

Figure 7.10 Integrated PL intensity as a function of temperature increase (from 4 K to RT). 

The inset shows the PL spectra of the MQW peak at 5 K and RT (the ratio of the PL 

intensity at RT to that at 5 K is 72.5%).  

Figure 7.11 shows the temperature dependence of both the PL peak energy and the 

FWHM. The PL peak energy as a function of temperature exhibits a slight “S-shape” 

behavior.217 The FWHM values, however, remains constant (with a negligible increase) up 

to 190 K, after which a gradual increase is observed. This increase is attributed to the band-

filling of the localized states, reinforcing the IQE behavior revealed by the EL 

measurements. 
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Figure 7.11 PL peak position and FWHM of the MQW peak as functions of temperature. 

 

Figure 7.12 Log-log plot of the integrated PL intensity output vs. the optically injected 

power density at RT. The values are fitted using two different slopes; the inset shows the 

same relationship at 5 K.  

To investigate the carrier dynamics of the active region inside the QWs, PDPL 

studies were performed using above-bandgap excitation (400 nm) to excite the carriers 
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generated inside the InGaN QWs only. Selective excitation avoids optical carrier 

generation in the QBs. As the excitation power increases, the optically generated carriers 

can be expressed in terms of 𝐺𝑜𝑝𝑡, as described in Equation 6.1. Here, if the carrier 

recombination is dominated by the radiative process, in Equation 6.1, 𝐴𝑛 ≪ 𝐵𝑛2. In other 

words, the PL intensity 𝐼𝑃𝐿 is proportional to both 𝐺𝑜𝑝𝑡 and the power density (with a slope 

of ⁓1 in a log-log plot of power density and 𝐼𝑃𝐿), demonstrating that the recombination is 

dominated by radiative transitions. When the process is dominated by non-radiative 

recombination, 𝐵𝑛2 ≪ 𝐴𝑛 and 𝐼𝑃𝐿 is proportional to (𝐺𝑜𝑝𝑡)2 (a slope of ⁓ 2), 

demonstrating that a non-radiative recombination process is dominant.209,218 Figure 7.12 

shows the integrated PL intensity (𝐼𝑃𝐿) as a function of the excitation power density for the 

VLED structure at RT. Under a low excitation power density, a superlinear dependence 

of 𝐼𝑃𝐿 on the excitation power density is observed, whereby the slope of ⁓ 1.46 indicates 

that the defect-related non-radiative recombination contributes to the total recombination 

process. However, as the injected carrier density increases, the non-radiative centers 

become saturated, resulting in a gradual increase in the radiative recombination, which is 

consistent with the findings yielded by the EL measurements. At high carrier densities (≥ 

10×103 kW/cm2), the radiative recombination dominates the recombination process 

completely (a slope of ⁓1 in Figure 7.12), resulting in a noticeable increase in the IQE, and 

negligible Auger recombination. Surprisingly, at 5 K, the slope of the log-log plot is ⁓1 

regardless of the excitation density, as shown in the inset of Figure 7.12. This finding 

demonstrates that the non-radiative centers are quenched at low temperatures, and the 

radiative recombination dominated the process at all injected carrier densities.  
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Figure 7.13 Analysis of the peak energy and FWHM of PDPL MQW emission spectra as 

a function of optically injected power density at RT. 

Figure 7.13 shows that the PL peak energy and the corresponding FWHM remained 

roughly constant at RT as the carrier density increases to 50×103 kW/cm2 and 2×103 

kW/cm2, respectively, indicating a negligible QCSE and confirming our EL results. When 

the excitation density increases further (> 10×103 kW/cm2), the FWHM gradually increases 

due to the contribution of the band-filling effect of the high-energy localized centers,211,214 

resulting in a peak blueshift above 50×103 kW/cm2. 

The IQE is calculated from the PDPL measurements using the ABC model similar 

to the EL. The IQE is calculated in terms of the optically generated carriers, 𝐺𝑜𝑝𝑡:30  

𝐺𝑜𝑝𝑡 = 𝑃𝑙𝑎𝑠𝑒𝑟(1 − 𝑅)𝛼 (𝐴𝑠𝑝𝑜𝑡ℎ𝜈)⁄  ,    (7.11) 

where 𝑃𝑙𝑎𝑠𝑒𝑟 is the optical power incident on the sample, 𝑅 denotes the Fresnel reflection 

at the sample surface, 𝐴𝑠𝑝𝑜𝑡 is the area of the laser spot on the sample surface, ℎ𝜈 is the 
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energy of incident photon, and 𝛼 represents the absorption coefficient3 of the InGaN QW 

at the emission wavelength. The integrated PL intensity can be expressed as 

 𝐼𝑃𝐿 = 𝛽𝐵𝑛2       (7.12) 

where β is a constant determined by the excited active region volume and the total 

collection efficiency of the PL. Consequently, Equation 6.1 can be rewritten in terms of 

𝐼𝑃𝐿 by eliminating 𝑛, yielding  

𝐺𝑜𝑝𝑡 = 𝐴√
𝐼𝑃𝐿

𝛽𝐵
+

𝐼𝑃𝐿

𝛽
+ 𝐶 (

𝐼𝑃𝐿

𝛽𝐵
)

3
2⁄
 ,    (7.13) 

𝐺𝑜𝑝𝑡 = 𝑄1√𝐼𝑃𝐿 + 𝑄2𝐼𝑃𝐿 + 𝑄3(𝐼𝑃𝐿)
3

2⁄     (7.14) 

where 𝑄1, 𝑄2, and 𝑄3 are the fitting parameters expressed in terms of 𝐴, 𝐵, 𝐶, and 𝛽. After 

plotting 𝐼𝑃𝐿 versus 𝐺𝑜𝑝𝑡, we obtain the fitting coefficients by fitting the above equation. 

According to our experimental data, the IQE at steady state can be expressed as, 

𝜂𝐼𝑄𝐸 =  
𝐵𝑛2

𝐺𝑜𝑝𝑡
=  

𝑄2𝐼𝑃𝐿

𝐺𝑜𝑝𝑡
 .     (7.15) 

 This optical IQE behavior cannot be directly compared with the device IQE 

discussed earlier, which was calculated from the EL measurements, since the excitation 

method is completely different. Figure 7.14a shows the power-dependent IQE inside the 

QWs only (at 400 nm excitation) as a function of power density (corresponding to the 

generated carrier density) at 5 K and RT. At 5 K and under a lower excitation density (< 

5×103 kW/cm2) the IQE values remain constant, which indicates that the non-radiative 

recombination centers were almost inactive, as shown in Figure 7.14a. At 5 K and under a 

higher excitation density (> 5×103 kW/cm2), the IQE increases until it reaches a maximum 
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of ~86% at ~6.3×103 kW/cm2, which is followed by roughly unchanged behavior over the 

7−25×103 kW/cm2 range, after which a slight decrease is noted, likely due to the saturation 

of the radiative recombination by excess generated carriers. However, at RT, the IQE 

increases rapidly with the increasing excitation energy density, due to the gradual 

saturation of the non-radiative recombination centers by generated carriers, reaching its 

maximum (76%) at ~8.2×103 kW/cm2. This is followed by a decrease in the IQE at higher 

excitation energy densities, as shown in Figure 7.14a. The highest IQE value at 5 K is 

obtained at a lower excitation density than that at RT, due to the thermal activation of non-

radiative recombination centers at RT. 

7.6.2 TRPL Analysis 

 

Figure 7.14 (a) Calculated IQE from the PDPL-integrated intensity at 5 K (black) and RT 

(red) as a function of excitation power density. (b) Carrier decay time inside the MQW 

obtained at different excitation power density values via the TRPL analysis. 



146 
 

Figure 7.14b shows the TRPL measurement values as a function of the carrier 

density. The aim of this analysis is to investigate the carrier dynamics and to understand 

the droop behavior inside the MQW only. The temporal evolution of the emission from the 

sample shows a bi-exponential decay, given by the following expression: 178  

𝐼(𝑡) = 𝐴1 𝑒𝑥𝑝 (
−𝑡

𝜏𝑃𝐿1
) + 𝐴2 𝑒𝑥𝑝 (

−𝑡

𝜏𝑃𝐿2
) ,    (7.16) 

where A1 and A2 are adjustable constants and 𝜏𝑃𝐿1 and 𝜏𝑃𝐿2 are the fast and slow decay 

times, respectively. We observe that the fast decay is dominant in both the low and high 

temperature measurements as shown in Figure 7.14b. At 5 K, the PL lifetime initially 

increases with the increasing carrier generation rate, then starts to decrease when the rate 

reached 4×103 kW/cm2. At RT, the PL lifetime shows a similar trend, albeit with a faster 

decay time. This decrease in the PL lifetime at 5 K and RT can be attributed to the growing 

predominance of radiative recombination. The excitation energy density increases at a 

higher carrier generation rate, indicating the high optical VLED quality and validating the 

results presented in Figure 7.12. Therefore, the IQE droop observed at high-excitation 

carrier densities (Figure 7.14a) may be caused by the saturation of radiative recombination 

in the MQW. The saturation of the radiative recombination rate increases carrier density in 

QWs and subsequent increase of non-radiative recombination rate due to the carrier 

leakage or electron overflow from the MQW and eventually causes IQE droop as shown 

in Figure 7.14a with increasing carrier density.219,220. 
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7.7 Summary 

In this chapter, the (-201)-oriented (β-Ga2O3) substrate is found to be a potential 

substrate for the production of cost-effective, high-efficiency UV and visible InGaN/GaN 

MQW VLEDs that do not require complex processing techniques during fabrication. 

Moreover, this substrate exhibits an excellent vertical injection due to the absence of 

current crowding and its excellent heat dissipation, leading to a high LEE compared to 

commonly used substrates. The maximum IQE value obtained in our work exceeds 85%. 

The PDPL and TRPL measurements showed that radiative recombination was dominant at 

higher carrier injection densities, with a negligible contribution from Auger recombination. 

The reliable performance of these VLEDs at RT, combined with their low cost, makes them 

suitable for applications where chip-size scalability is required. 
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Chapter 8: Enhanced, Inverted-geometry III-Nitride-Perovskite-Based 

Heterojunction Photodetector by Optimizing Asymmetric 

Electrode 

8.1 Introduction  

There is a need for broad spectrum PDs (covering UV, visible and IR range), which 

should be stable at room temperature as well as economical for many applications. This 

issue has led researchers to develop solution-processable, low-cost optoelectronic 

materials, along with some organic materials and nanocomposites.92,221,222 However, low 

charge carrier mobility of these materials adversely affect PD performance.92,93 Recently, 

organic-inorganic halide perovskite materials have been established, due to their unique 

properties, such as high charge-carrier mobility and effective light absorption.89,90 Because 

of the large absorption coefficient, a very thin layer of perovskite can absorb the incident 

light and the travel distance of the charge carriers will be small, which leads to a quick 

response from the device.223 Thus, organic-inorganic halide perovskite materials are 

promising candidates for PDs, and photovoltaic devices.224,225  

Methylammonium lead iodide (CH3NH3PbI3)91-94 has been studied by many 

researchers due to its unique properties for broad band PD applications as mentioned in 

Chapter 2 (Section 2.5.2). Thus, ZnO/CH3NH3PbI3-based heterojunction PDs have been 

reported by several researchers226-230 to extend the photodetection range to UV and to 

enhance the functionality of perovskite-based PD as in heterojunction PD, photogenerated 

carriers can be separated though semiconductors.231 However, it is observed that material 

degradation occurs within a short period. The interaction with oxygen in the atmospheric 
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moisture and metal oxide materials,232,233 and direct exposure of the device to UV 

light,234,235 starts to degrade the device. Thus, the stability and durability of the perovskite 

halides are still challenging and there is a demand for improving device stability. Research 

approaches, such as using stable electron and hole transport layers, may improve the 

stability of PD devices.236,237 

GaN is a highly stable material and sensitive to UV light due to its wide and direct 

bandgap.238 Thus, GaN is a suitable candidate for heterojunction perovskite-based PD238 

as the high stability of GaN as well as very weak oxidation property of nitrogen can protect 

the organic-inorganic halide perovskite deposited directly on the GaN material and 

improve device stability.237  

This chapter will show a new design of CH3NH3PbI3/GaN-based PD device that does 

not allow a direct interaction of the UV radiation with the perovskite layer, to avoid 

material degradation due to the UV radiation. Instead, PD is illuminated in an “inverted 

geometry” where the light is incident through the GaN onto the perovskite (inverted) layer. 

In addition, the performance of CH3NH3PbI3/GaN-based PD is discussed. In such a design, 

the UV radiation will be absorbed and detected by GaN due to its wide bandgap, whereas 

the visible and IR light can be detected by the perovskite. Consequently, these hybrid 

GaN/perovskite PDs can offer better stability and can be used for a wide spectral detection. 

Furthermore, the optimization of the device design is explored by employing symmetric as 

well as asymmetric metal electrodes to optimize PD performance. 

 

 



150 
 

8.2 Experimental Procedures 

An n-GaN grown on (-201)-oriented β-Ga2O3 substrate (sample growth and 

specifications shown in Chapter 5, section 5.2) and a commercial p-GaN film grown on a 

(0001) sapphire substrate (from Cermet, Inc. Atlanta, USA). Both films were for 

perovskite/GaN device fabrication. The p-GaN/sapphire film was doped with Mg 

(⁓1x1020cm-3) as an acceptor dopant, while the n- GaN/β-Ga2O3 film was doped with Si 

(⁓4x1018cm-3) as a donor dopant. Both these samples were cleaned with deionized water, 

followed by ultrasonic agitation in acetone and isopropanol for 5 min each. Then, the 

samples were finally cleaned in deionized water flow. The perovskite layer (CH3NH3PbI3) 

was deposited on the GaN layer by simple spray-coating method. The perovskite powder 

of ˃ 99% purity (Xi’an Polymer Light Technology Corp) was dissolved in the N,N-

dimethylsulfoxide (DMF) solvent to make the solution. To prepare the perovskite solution, 

309.95 mg of CH3NH3PbI2 powder was dissolved in 1mL of DMF and was stirred on a hot 

plate at 70 °C until fully dissolved. The p-GaN samples were heated on a hot plate at 100 

°C for 30 min. Then, the prepared perovskite solution was spray-coated on p-GaN by using 

an airbrush (pro series BD-132) by employing nitrogen as a carrier gas. The substrate 

temperature was controlled by a hot plate during the entire coating process, which was 

carried out in multiple steps, by spraying 200 µl solution at a time and was allowed to dry 

for 2 min. After depositing the whole solution, the samples were kept on the hot plate at 

100 °C for 10 min. After depositing, the samples were transferred directly to a high vacuum 

electron-beam (e-beam) evaporation deposition chamber to fabricate the contacts. The Au 

and Ag contacts were fabricated on the deposited samples by slow rate deposition.  
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The structural characterizations of the samples were performed by SEM (using FEI 

Nova Nano 630 system) and XRD (D8 XRD Discover) with Cu Kα radiation (λ = 1.5406 

Å) at 40 kV. To investigate the absorption bands, the steady-state absorption measurement 

was performed by Agilent Cary 5000 UV–VIS–NIR spectrometer. To investigate the 

luminescence properties of the perovskite-GaN PD RT PL measurements were performed 

by 325 nm He-Cd laser. The spectra were collected by Andor monochromator attached to 

a charge-coupled device camera. The PD response was studied by conducting I−V and 

current-time (I−T) measurements using a Keithley 4200 electrometer. A halogen lamp with 

tunable power attached to an electro-mechanical shutter system (Thorlab SH05) served as 

a light source.  

8.3 CH3NH3PbI3/n-GaN on (-201)-oriented β-Ga2O3 

Initially, we have spray-coated the perovskite on Si-doped GaN (n-GaN) on (-201)-

oriented β-Ga2O3 substrate. The PD structure is failed to show any photoresponse as shown 

in the current-time (I-T) measurements presented in Figure 8.1. This failure can be due to 

the inappropriate band alignment of n-type GaN and Ga2O3 with the perovskite material. 

Therefore, in the next section, we have used Mg-doped GaN (p-GaN) grown on a sapphire 

substrate as there is no availability of p-GaN on β-Ga2O3 substrate. 
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Figure 8.1 I-T response of the CH3NH3PbI3/n-GaN on (-201)-oriented β-Ga2O3 substrate. 

8.4 CH3NH3PbI3/p-GaN on Sapphire 

8.4.1 Material, Structural, and Optical Characterizations 

After depositing the perovskite layer, the sample morphology was analyzed by 

SEM. Figure 8.2a,b shows images of the CH3NH3PbI3 surface morphology deposited on 

the p-GaN (CH3NH3PbI3/GaN) material. The CH3NH3PbI3 film exhibited a compact and 

highly smooth surface with large crystal grain size compared to that synthesized on metal 

oxide.239 Moreover, the surface is shown to be pinhole free at the grain edges. these large 

pinhole-free grains help diminishing the grain-boundary energy and favor charge carrier 

transportation.240 SEM showed that a continuous homogeneous film of a good crystalline 

quality perovskite was deposited completely on GaN by a simple spray-coating process.  
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Figure 8.2 (a) The surface morphology of the CH3NH3PbI3 film and (b) higher 

magnification image.  

The crystallinity of the CH3NH3PbI3/GaN structure was analyzed via XRD 

measurements. The θ-2θ spectrum is shown in Figure 8.3. A strong GaN (0002) reflection 

peak is observed at 34.6° indicating that GaN is grown in (0001) direction. A sapphire 

substrate peak is observed at 41.9° corresponding to the (0001) growth direction of the 

substrate. For CH3NH3PbI3 perovskite, we observe the appearance of a series of diffraction 

peaks that are in good agreement with published data and theoretically calculated values 

on the tetragonal phase of CH3NH3PbI3 perovskite.241 Typical CH3NH3PbI3 peaks were 

observed at 14.1°, 19.9°, 23.5°, 24.4°, 28.1°, 28.4°, 30.9°, 31.6°, 32.8°, 37.2°, 40.4°, 43.0°, 

and 47.6° corresponding to (110), (200), (211), (202), (004), (220), (213), (114), (310), 

(321), (224), (314), and (206) tetragonal phases, respectively.239,241 These distinct visible 

peaks indicate the high crystallinity of the spay-coated CH3NH3PbI3 layer. However, the 

peaks observed at 26.3° and 34.5° are not ascribed to any CH3NH3PbI3 tetragonal or cubic 

phase, and may be attributed to the (-122) and (133) planes from the PbI2-DMF complex 

formed while preparation.241 
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Figure 8.3 The XRD 2θ-θ plot of the CH3NH3PbI3 /GaN structure. 

To study the optical quality of the material, PL and absorption measurements were 

carried out at RT. Figure 8.4ac show the PL and the optical absorption spectra of the 

CH3NH3PbI3/GaN film. The PL spectrum of GaN shows a sharp peak observed at 3.42 eV 

(362 nm), representing the bandedge emission, whereas the low energy shoulder at 3.28 

eV is attributed to the donor-acceptor recombination from the conduction band (or shallow 

donors) to the doped Mg acceptor levels in the bandgap.186 Fabry-Perot fringes observed 

in the low energy shoulder are due to the interference at the GaN and air or substrate and 

GaN interface. No YL band is observed, indicating a superior crystal quality. The PL 

emission spectrum of CH3NH3PbI3 perovskite is shown in Figure 8.4b. A dominant PL 

emission peak is observed at 1.60 eV (775 nm) with a FWHM value of ⁓95 meV (47 nm), 

indicating a high optical quality.242 This detected peak is due to the near band-to-band 

recombination.239,242  
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Figure 8.4 The RT PL spectra obtained from (a) p-GaN and (b) CH3NH3PbI3 perovskite 

excited by 325 nm laser. (c) The absorption spectra of the CH3NH3PbI3/p-GaN sample at 

RT. 

The absorption spectrum of CH3NH3PbI3/GaN sample is shown in Figure 8.4c. A 

significantly sharp absorption and uniform bandedge of the p-GaN is observed at 3.43 eV 

(361 nm), corresponding to the band-to-band transitions, indicating very high crystal 

quality. The p-GaN absorption bandedge matches well with the PL peak and no Stokes or 

anti-Stokes shifts are observed, indicating absence of phonon interactions. An absorption 

edge is observed at 1.56 eV, which is correlated to the CH3NH3PbI3 perovskite bandgap. 

The perovskite absorption spectrum shows a very sharp rise at the absorption edge and a 

very uniform absorption spectrum until the absorption bandedge of the GaN emerges, 

which indicates a very low concentration of the in-gap defects and high crystal quality. 

This absorption uniformity suggests an almost uniform response from the PD over this 

spectral range. However, the PL emission (Figure 8.4b) exhibits a blueshift compared to 

the absorption edge, indicating an anti-Stokes fluorescence.243 Anti-Stokes shift occurs 

when the emitted energy exceeds the absorbed energy, whereby the extra energy is 

provided by the crystal phonon while interacting with the carriers.243 Immediately after the 
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slight absorption band tail shown at 1.56 eV, the absorption curve declines rapidly, 

indicating presence of an energy absorption limit due to absence of in-gap defects and high 

optical quality. This property had already been reported in CH3NH3PbI3 perovskites and is 

one of the promising characteristics for laser cooling applications.244 The absorption 

measurements indicate that the PD device has a promising photoresponse range from deep 

UV to visible (800 nm) radiation.  

8.4.2 Device Characterizations 

Figure 8.5a shows the schematic structure of the CH3NH3PbI3/GaN PD device, and 

Figure 8.5b displays the basic energy band-diagram of the PD with the electrode. When 

the light is incident through Al2O3 substrate passing through the GaN onto the CH3NH3PbI3 

layer to prevent perovskite degradation due to UV radiation, thus resulting in the maximum 

absorption corresponding to the bandgap of each layer, followed by electron-hole pair 

generation. When the PD is illuminated, the applied external electric field causes an extra 

band bending, to favor the transport of the generated photogenerated carriers, whereby the 

electrons migrate from the CH3NH3PbI3 to the GaN layer and are collected by the cathode 

as shown in Figure 8.5b. Conversely, the holes move toward the CH3NH3PbI3 layer and are 

collected by the anode. The bias voltage (negative bias at the electrode connected to the 

CH3NH3PbI3 layer and the positive bias to the GaN layer) is applied to improve the drifting 

of the photogenerated carriers to the electrodes and successfully increases the photocurrent, 

thus improving the photoresponse. The valance and the conduction bandedge for GaN are 

observed to be -7.6 and -4.2 eV, respectively, while these bands are located at -5.4 and -

3.9 eV for CH3NH3PbI3.245  
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Figure 8.5 (a) The schematic of the PD in inverted device configuration and (b) simplified 

energy level diagram of the CH3NH3PbI3/p-GaN PD device. 

To explore the effects of the electrode assembly on the device performance, a 

systematic study was conducted on Au and Ag electrodes, employing symmetric (Au−Au 

and Ag−Ag) as well as asymmetric (Au−Ag and Ag−Au) configurations as shown in 

Figure 8.6. Worth mentioning that, here, when referring to electrode configurations, the 

electrode connected to the perovskite is presented first and followed by the electrode 

attached to GaN. Our findings indicated that, when Ag electrodes are directly deposited on 

CH3NH3PbI3 layer, the perovskite degradation and the electrode damage are observed very 

quickly, whereas Au electrodes on CH3NH3PbI3 layer remains the perovskite and electrode 

stable. It has been shown that Ag electrodes suffer corrosion by iodide ions, as iodine 

migrates from the perovskite to the Ag electrode and undergoes chemical reaction. This is 

considered as the main reason for poor long-term stability of Ag−perovskite based 

devices.246  
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Figure 8.6 Different symmetric (Au−Au, and Ag−Ag) and asymmetric (Au−Ag, Ag−Au) 

electrode configurations used in this study.  

 

Figure 8.7 The I−V characteristic of the PD measured under dark and white light 

illumination (40 mW/cm2) for different device architectures, (a) Au−Au, (b) Ag−Ag, (c) 

Au−Ag, and (d) Ag−Au, which are connected to CH3NH3PbI3−GaN, respectively.  

To explore the PD device performance, I−V measurements were conducted for each 

configuration described above. I−V measurements were carried out in the dark as well as 

under illumination (white light) at RT with an “inverted” geometry (back illumination 

through the substrate and the GaN layer) as shown in Figure 8.5a, allowing the visible light 

penetrate to the perovskite layer. The I−V curve is shown in Figure 8.7a−d for all 

symmetric (Au−Au, Ag−Ag) and asymmetric (Au−Ag and Ag−Au) configurations, 

respectively. The I−V curves demonstrate how the photocurrent changes with the voltage 

depending on the configuration setup when the device is illuminated with a white light with 
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a constant power density of 40 mW/cm2. We observe that it is not recommended to use a 

high bias voltage, as it introduces high dark current and noise effects. A high photocurrent 

is obtained at an optimal bias voltage corresponds to the minimal dark current (few nA). 

An applied bias voltage of 5 V was selected as it showed minimum dark current with 

maximum photocurrent and result in a short the transient. All I−V curves exhibit 

asymmetrical and rectifying behavior. At 5 V, the PD with the symmetric Au−Au 

configuration (Figure 8.7a) shows a low dark current of only 0.005 µA, while under 

illumination (40 mW/cm2), the photocurrent increases to 6.3 µA, whereas a higher dark 

current of 0.01 µA and a weaker photocurrent of 0.426 µA is obtained for the symmetric 

Ag−Ag configuration (Figure 8.7b) as the Ag electrode causes perovskite degradation. 

Similarly, at 5 V, a dark current of 0.006 µA and a photocurrent of 7.1 µA are obtained for 

the asymmetric configuration Ag−Au, whereas the lowest dark current of 0.0046 µA and 

the highest photocurrent of 14.3 µA are measured for Au−Ag compared to other 

configurations, which provides the best device performance over the entire 0−5 V voltage 

range.  

Transient photocurrent measurements were carried out for each device 

configuration. Figure 8.7a shows the photoresponse I−T characteristics of different 

configurations (Ag−Ag is not shown, as its photocurrent is in the nA range). A long 

repeatable (> 180 cycles) on/off cycling photoresponse of the device is observed for all 

configurations. An enlarged view of a single cycle in the optimized Au−Ag configuration 

is shown in Figure 8.8b. The rise time (tr) and the fall time (tf) were calculated using the 

method shown in Chapter 2 (Section2.7.2), and the values of 120 ms and 80 ms were 

obtained, respectively. This I−T findings demonstrate a fast response characteristic 
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switching time for CH3NH3PbI3/GaN PD compared to hybrid perovskite-inorganic 

semiconductor-based PD devices shown in previous studies.227,239  

 

Figure 8.8 (a) The transient photocurrent (I−T) characteristics of the PD for different device 

configurations at a 40mW/cm2 light power density. (b) Enlarged image of a single cycle 

showing the rise time and the fall time of the PD.  

The I−T measurements for each device configurations can show important device 

characteristics: Ilight /Idark, tr and tf at a constant incident light power density (40 mW/cm2) 

as shown in Figure 8.9. The rise-time and fall-time for different configurations is shown 

(blue). Fast switching is preferred for high-performance PDs. The fastest rise time (~120 

ms) is observed for the Au−Ag configuration with a fall time of ~80 ms. Although the other 

symmetric Ag−Ag configuration shows a faster fall time ~70 ms, the photocurrent is very 

weak (nA range) and the on/off ratio is very low compared to the other configurations.  
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Figure 8.9 The on/off ratio (Ilight /Idark) and the rise time and fall time curves as functions of 

different electrode configurations at an illumination power density of 40 mW/cm2 and 5 V 

bias voltage. The best performance configuration is circled. 

Figure 8.9 also shows ratio of Idark to Ilight, referred to on/off ratio, which is an 

indication of the photoresponse of the PD, since it provides information about the 

proportion of the effective photogeneration. The on/off ratio of ~1100 and ~40 is calculated 

for the symmetric Au−Au and Ag−Ag configurations, respectively. The asymmetric 

Ag−Au shows a value of ~ 1200, while the on/off ratio is found to be the highest (~3400) 

for the Au−Ag configuration. It is clear from the band structure shown in Figure 8.5b that 

the GaN conduction bandedge (∼−4.2 eV) is lower than that of CH3NH3PbI3 (∼−3.8 eV), 

allowing the electrons to flow easily from perovskite to GaN under the applied bias. The 

high ratio indicates that the applied bias supports the carrier flow and shows good PD 

performance.247 Based on the analysis of all parameters shown in Figure 8.9, the 

asymmetric Au-Ag configuration is identified as the most optimal contact configuration 
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for the CH3NH3PbI3/GaN-based PD device. This arrangement allows optimizing the device 

performance, as it produces the highest photocurrent, and the best on/off ratio, along with 

the shortest switching time, compared to other configurations. The other configurations did 

not show a good results may be due to Fermi level alignment.  

Figure 8.10 shows the photoresponse of the optimized Au−Ag configuration at 

different bias voltages and an incident light power of 40 mW. It is evident from the graph 

that the dark current increases with the bias voltage. Thus the photoresponse curves using 

this configuration show that the detector is stable, reliable, and repeatable. 

 

Figure 8.10 Photoresponse of the PD with Au–Ag electrodes at different bias voltages at 

an incident light power density of 40 mW/cm2.  

The responsivity is calculated using the method shown in Chapter 2 (Section 2.6.2) 

for our best device configuration (Au–Ag) at different incident light power values to 

understand the photoresponse behavior with varying illuminated power at a voltage of 5 

V. Worth mentioning that an applied bias voltage of 5 V was chosen, to reduce the transient 
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time. Figure 8.11a shows that the responsivity decreases as the light power increases. The 

highest observed of 9.4 A/W corresponding to the incident power density of 0.5 mW/cm2, 

which is approximately one order of magnitude higher than that observed (1.15 A/W) at 

the incident light power of 40 mW/cm2. This value is higher than the commercial Si-based 

UV-Visible PD.248 The responsivity of our PD at white light illumination is higher than the 

values reported in recent studies for the UV-visible PDs based on CH3NH3PbX3/GaN 

heterojunction PDs.237
 At high power levels, the responsivity is lower because of the high 

recombination rates due to the availability of a higher density of shallow traps, which have 

a shorter lifetime compared to deep traps. In this case, as the incident light power density 

increases, the recombination events occurred via shallow traps increases, resulting in a low 

photogenerated carrier density and thus low photocurrent.90,249-251 Guo et al. showed in 

perovskite-based PD that charge carrier recombination is reduced at lower light power 

levels, indicating high responsivity at the low illuminated power.252 For a PD, it is 

preferable to have a longer photogenerated carrier lifetime before recombination, which 

should be longer than the transient time.  

The PD response was characterized by measuring the device responsivity while 

irradiating it with light of different wavelengths to investigate its spectral selectivity. The 

calculated responsivity as a function of the wavelength is shown in Figure 8.11b. The 

responsivity values are estimated at ~40 mW/cm2 from the source to be roughly constant 

(R = ~1.7 A/W) within the 775− 400 nm range, which is in line with the trend of the 

absorption spectrum (Figure 8.4c). However, the light power density on the sample is 

different for different wavelengths (1.1−1.7 mW/cm2).  An increase in responsivity 

(R=~14 A/W) of about one order of magnitude is observed in the UV range (275 nm) at 
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~9.6 mW/cm2, might be attributed to photodetection process from the GaN layer. However, 

the PD device showed a weaker responsivity at wavelengths above 800 nm, which is in 

line with both the absorption analysis findings and those reported in pertinent literature.253-

255 

 

Figure 8.11 The responsivity of the PD with Au–Ag electrodes (a) at different illuminated 

light power levels. (b) Wavelength dependent of the responsivity. 

To investigate the PD stability, the devices were kept under white light illumination 

(at 5V and 40 mW/cm2) for a long period of time (~1 h), while air humidity was maintained 

at 50−60%. Analysis confirmed that the device produced a response without a notable 

change in the photocurrent for > 50 minutes. This device response indicates that the device 

based on the inverted geometry design exhibits good durability. It is also important to 

mention that the CH3NH3PbI3/GaN-based PD performance does not show a significant 

change over a 4-week period when kept in the nitrogen purging box, indicating 

significantly enhanced stability compared to the CH3NH3PbI3/semiconductor-based 

PDs.239 
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Modern technologies require devices operates independently of an external power-

supply, which is significant for enhancing sensor network applications. It is always 

challenging to produce a self-powered PD device that is capable of detecting light energy 

in the absence of any external bias voltage. The studied PD shows a photoresponse in the 

absence of any bias voltage (0 V), indicating the properties of self-powered UV and Visible 

PD. Figure 8.12 shows the I−T response at 0 V when illuminated with 40 mW/cm2 light 

power. This self-powered operation at the asymmetric optimized Au−Ag configuration is 

due to the superior band alignment between CH3NH3PbI3 and GaN and, use of asymmetric 

electrodes, creating a built-in voltage due to a potential difference between the related 

bandedge of different layers, which helps the carriers to make a photocurrent even at 0 V 

bias.  

 

Figure 8.12 The self-powered (0 V bias) I−T response of the PD device at 40 mW/cm2 

white light illumination.  

The device at zero bias showed > 680 on/off ratio and a fast response time is 

observed with tr = ~180 ms and tf = ⁓220 ms. The good performance of the self-powered 



166 
 

operation is attributed to the adequate interface between CH3NH3PbI3 and GaN materials. 

The interface is improved as GaN can passivate the grain boundary of CH3NH3PbI3 and 

make good quality films with low defect density. Thus, the trap state density is reduced as 

well as the carrier recombination rate. Moreover, the GaN layer can provide high electron 

mobility and conductivity, as well as promote carrier electron transitions.  

Material Responsivity 

(AW-1) 

On/Off 

ratio 

(Rise/fall 

time) (ms) 

Self-

Powered? 

Refere

nce 

CH3NH3PbI3/p-

GaN 

9.4 >3400 120/80 Yes This 

study 

Spiro-OMeTAD/ 

CH3NH3PbI3/ZnO/ 

/FTO 

7.8 > 103 288/322 No 230 

FTO/TiO2/ 

CH3NH3PbI3 

0.85 > 150 ~ Yes 256 

CH3NH3PbI3 23 <1 150/150 No 257 

C60/CH3NH3PbI3/ 

GaN 

0.198 >5000 450/630 Yes 237 

FTO/ZnO/ 

CH3NH3PbI3/Spiro-

OMeTAD 

0.026 >5000 0.53/0.63 Yes 226 

ITO/ 

CH3NH3PbI3/Gd-

doped ZnO nanorod 

28 ~ 400/500 No 239 

FTO/ZnO/ 

CH3NH3PbI3/MoO3 

24.3 ~ ~ Yes 227 

ZnO/CH3NH3PbI3 4 >10 420/630 No 229 

CH3NH3PbI3/ 

PDPP3T 

0.154 ~ ~ No 258 

FTO/ 

CH3NH3PbI3+TiO2/ 

CH3NH3PbI3 

7.5 VW-1 ~ < 80/ 80 Yes 259 

Table 8.1 The performance comparison of UV-visible PDs based on CH3NH3PbI3 

perovskite materials reported previously in literature with our PD. 
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To conduct a comparison in the performance of similar PDs, some studies published 

on CH3NH3PbI3 based UV-visible PDs are shown in Table 8.1, from which we can find 

that the performance of our device is comparable with the best performing devices reported 

in the literature. Our PD exhibits high responsivity, on/off ratio, fast switching, and self-

powered operation concurrently. Most importantly our PD is stable than the CH3NH3PbI3 

perovskite heterostructure PDs based on ZnO material.239    

8.5 Summary 

In this work, the most promising emerging perovskite material is combined with the 

highly stable and UV sensitive GaN material to prepare a CH3NH3PbI3/GaN PD using a 

simple spray-coating method. The UV sensitivity of the device is favorable and the typical 

degradation in the perovskite due to direct UV radiation on perovskite can be eliminated 

by employing the inverted geometry, illuminating the light on GaN, as this geometry 

ensures that UV light is absorbed as it passes through the GaN material. Material 

characterization indicates a high-quality CH3NH3PbI3 perovskite layer is deposited on 

GaN/sapphire. In addition, the importance of device architecture was investigated by 

implementing both symmetric and asymmetric Au and Ag electrodes. The 

CH3NH3PbI3/GaN/sapphire PD behavior with respect to different illumination powers and 

varying operating bias voltages was also examined. For the first time, broadband UV-

visible perovskite/GaN-based PDs showed high sensitivity, good stability, and 

repeatability with a higher responsivity (> 9.4 A/W) and faster response time compared to 

literature. The PD operated in self-powered mode showed good responsivity and faster 

time response than that operated under external bias. These findings demonstrated the great 
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potential of the III-nitride/CH3NH3PbI3 perovskite-based simple, high performance, low-

cost, wide spectral response, and self-powered PDs for wide applications.  
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Chapter 9: Conclusion and Future Direction 

9.1 Conclusion 

In this dissertation, the work on the enhancement in the quality and performance of III-

nitride devices was reported. This was achieved by incorporating promising emerging 

materials to obtain high-performance and cost-effective optoelectronic devices based on 

III-nitrides, such as vertical LEDs and photodetectors. As explained in the previous 

chapters, nitride material quality and LED performance have thus far been hindered by the 

absence of lattice matched (forming high TDD), conductive and transparent low-cost 

substrates. In addition, the currently utilized common substrates are not suitable for cost-

effective VLED production. This challenge was overcome in this research by establishing 

for the first time highly promising and unique emerging substrate, (-201)-oriented β-Ga2O3, 

for growing III-nitride materials and devices of high structural and optical quality. The 

most suitable structural, electrical, and optical characterization techniques were employed 

as a part of this investigation to elucidate the underlying fundamental properties and 

evaluate the performance of each developed structure. To understand the crystal quality of 

the material, different structural characterization techniques were employed, including 

XRD, AFM, TEM, and SIMS. While the optical and electrical characterization was 

performed by PL, TRPL, and Raman spectroscopy, absorption measurements were 

performed via I−V and EL measurements. In each step of this evolutionary analysis, the 

quality of the epilayers was improved, thus advancing the study to the next stage of III-

nitride research. In addition, a systematic analysis was performed, starting with an 

MOCVD growth of a state-of-the-art GaN epilayer grown on (-201)-oriented β-Ga2O3 with 
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high structural and optical quality with an AlN buffer layer. The growth parameters were 

further optimized based on the characterization results pertaining to the samples grown in 

the preceding steps and were improved by applying a thin GaN buffer layer grown at a low 

temperature. The HRTEM analysis findings revealed the bending and termination of TDs 

and elucidated the cause of the severe reduction in the TDD (~4.8 × 107 cm-2) compared to 

some other commonly used substrates. Eventually, good quality InGaN thin film on (-201)-

oriented β-Ga2O3 was obtained. These investigations were followed by a study of high-

quality InGaN/GaN SQW and MQW structures grown on (-201)-oriented β-Ga2O3 by 

changing the InN concentrations. Their carrier dynamics were examined via TRPL 

analysis, ensuring predominant radiative recombination in the active region. As a final 

product, a high-quality VLED on (-201)-oriented β-Ga2O3 substrate was produced and its 

beneficial characteristics were confirmed by investigating its optical, structural and 

electrical properties. This conductive substrate was fabricated by a straightforward, highly 

efficient, and direct growth process. In addition, it allowed an excellent vertical injection 

in the LED by diminishing the current crowding effect and permitting better heat 

dissipation, thereby achieving a high light extraction compared to commonly used 

substrates, such as sapphire. The maximum IQE value obtained in the LEDs developed as 

a part of this research exceeds ⁓78% at RT and their reliable performance, combined with 

low cost, makes them suitable for applications in which chip-size scalability is required.  

As in the n-GaN/Ga2O3 structure, both the film and the substrate are very sensitive to 

UV radiation and can find application in photodetector devices, in this work, its 

functionality was advanced by hybridizing such film with perovskite material to fabricate 

a broadband UV-visible PD. Furthermore, using perovskite eliminates the lattice mismatch 
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issue and thus TD. For comparison, p-GaN/sapphire film was used. However, the devices 

were functionalized using p-GaN/sapphire and no response was obtained from 

perovskite/GaN/Ga2O3 samples. By exploiting the visible-light detectivity of the most 

promising emerging perovskite material with highly stable and UV-sensitive p-

GaN/sapphire, CH3NH3PbI3/p-GaN PD was produced for the first time by a simple spray-

coating method by optimizing asymmetric electrodes and using inverted geometry device. 

The inverted geometry enhanced the PD stability by avoiding perovskite degradation 

because the incident light arrives at the perovskite layer after passing through the GaN 

layer, which absorbs the UV radiation. Subsequent material characterization confirmed 

high-quality of CH3NH3PbI3 perovskite material crystals. The PD exhibited high 

sensitivity, good stability, and repeatability. In addition, when operated in self-powered 

mode, it showed good responsivity and fast response.  

In sum, the work reported in this dissertation has demonstrated how the use of two 

different emerging materials can improve the quality and efficiency of the III-nitride 

materials, thus confirming their suitability for use in the development of highly promising 

optoelectronic devices. 

9.2 Future Direction 

This work is by no means complete, as there are many interesting achievements to 

explore for (-201)-oriented β-Ga2O3 substrate and these new challenges and tasks are 

planned for the future. The growth parameters can still be optimized to improve the quality 

of the III-nitride materials and devices based on (-201)-oriented β-Ga2O3 substrate as the 
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lattice mismatch is low between GaN and Ga2O3, promising much higher material quality 

than sapphire substrate.  

UV-LEDs are highly attractive due to the anticipated applications as light sources in 

biotechnology, medicine, cancer treatment, microscopes and exposure machines, 

environmental monitoring, disinfection, sterilization, etc.260 AlGaN/GaN QW-based UV-

LEDs have shown potential to replace the conventional UV-lamps.261,262 It will thus be 

advantageous to optimize the growth of AlGaN QWs and AlGaN/GaN LEDs on (-201)-

oriented β-Ga2O3 substrate. Our group is working on demonstrating GaN/AlGaN MQW 

structures grown on β-Ga2O3 substrate. 

1D III-nitride nanostructures (nanowires and nanotubes) are important for modern 

optoelectronic applications due to the reduction in the TDD, availability of a large surface 

area, and improved external quantum efficiency in LEDs, among other benefits.263-266 It is 

worthwhile to grow InGaN and AlGaN thin films, as well as QW-based nanostructures, on 

β-Ga2O3 substrate and study the possibility of fabricating optoelectronic devices based on 

vertical nanostructures.  

Another potentially useful area of research pertains to GaN-based VCSELs.267 These 

lasers have numerous promising applications, such as retinal scanning displays, high-

density storage, adaptive headlights, high-resolution laser printing, and high-speed light 

communication.268 They are characterized by vertical light emission, circular-beam shape, 

and easy fabrication of. In the past few years, many research groups have started working 

on the GaN-based VCSEL design and fabrication. However, the insulating nature of 

sapphire substrate hinders their progress.269 Transparent and conductive β-Ga2O3 is a 



173 
 

unique platform for the GaN-based VCSELs, which simplifies the fabrication process, 

while vertical injection improves both current and heat distribution. Therefore, it would be 

advantageous to utilize conductive and transparent (-201)-oriented β-Ga2O3 in VCSEL 

fabrication. 

Perovskite research has emerged as one of the most promising material study domains 

due to the unique properties of these materials. As many different perovskite types exist, it 

would be beneficial to study the hybridization of GaN with different perovskites for 

appropriate application. The wide tunable optical bandgap of the perovskites (UV to IR) 

makes them very promising for optoelectronics applications, especially for multicolor 

LEDs, which can be used for displays, optical communication, lighting, etc.270,271 

Incorporating the perovskites with GaN-based LEDs will help demonstrate stable 

multicolor and white-light LEDs. These perovskite/GaN based LEDs can be a solution for 

the challenging “green-gap” effect272,273 in the III-nitride LEDs. Furthermore, it will be 

beneficial to study the interactions of different perovskites with the GaN alloys (InGaN 

and AlGaN). 
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