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 I 

ABSTRACT 

 

Abstract of thesis entitled „Fabrication and Characterization of GaN-based Light 

Emitting Diodes‟ 

Submitted by LEUNG KA KUEN 

Advisers: Prof. CHARLES SURYA 

For the degree of Doctor of Philosophy 

At The Hong Kong Polytechnic University in 2010 

_________________________________________________________________ 

 

Detailed investigations of GaN-based light emitting diodes (LEDs) with 

InGaN/GaN multiple quantum wells (MQWs), grown by metalorganic chemical 

vapor deposition (MOCVD) on sapphire substrates, have been performed.  

Optimization of the growth parameters such as growth temperature, pressure and 

III-V ratio has been achieved. Two different growth modes including the step-

flow and spiral growth mode for the MQWs region were used to investigate the 

impact of device‟s performance. It was found that the spiral growth mode may 

dominate under low growth rate conditions and substantial increases in the root 

mean square roughness of the films. The domination by spiral growth mode may 

result in large strain non-uniformity in the MQWs and it will significantly reduce 

the reliability of the devices.  The structural, electrical, optical and thermal 

properties of the GaN films and LEDs were characterized using atomic force 

microscopy, transmission electron microscopy, high resolution x-ray diffraction 

technique, I-V measurement, low-frequency noise measurement, 

photoluminescence, electroluminescence and thermoreflectance measurement.   



 

 II 

To reduce the dislocation density of the GaN thin films, conventional 

epitaxial lateral overgrown (ELOG) and facet-controlled ELOG were applied to 

the growth of GaN thin films. For the fabrication of the LED devices, these two 

techniques may not be a suitable method to obtain highly reliable devices due to 

the localization of dislocations. Thus, it is important to develop novel growth 

processes for the enhancement of the devices properties. In this thesis, we 

present a novel LED structure in which the MQW layer is grown on top of a 

Nano-ELOG (NELOG) layer using a SiO2 growth mask with nanometer-scale 

windows. The optoelectronic properties and hot-electron integrity of the devices 

were characterized by electroluminescence, I-V, low-frequency noise and 

thermoreflectance measurements. Significant improvement in the device 

properties were observed compared to a standard device fabricated on a low 

temperature GaN buffer layer without utilizing the NELOG layer.  
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 1 

 

1.0 INTRODUCTION 

 

Over the past three decades, III-nitride-based materials have drawn 

tremendous attention from research institutions because of their significant potential 

applications in LEDs, Laser Diodes (LDs) and High Electron Mobility Transistors 

(HEMTs) [1-3]. III-nitride semiconductor materials, including Aluminum Nitride 

(AlN), Gallium Nitride (GaN), Indium Nitride (InN) and their alloys are direct 

bandgap materials with bandgaps ranging from 0.7 eV for InN to 6.2 eV for AlN [4, 

5] which are especially suitable for modern optoelectronic devices operating in the 

visible to UV range. Recently, remarkable breakthroughs in research and 

development for these materials and devices have been achieved [6]. High power and 

high brightness white LEDs and blue LDs have been widely commercialized. 

Scientists believe that III-nitride-based LEDs will replace the traditional light bulbs 

and realize a revolution in lighting technology leading to significant reduction in 

energy consumption [7].   

Recently, it has been reported by Cree that the highest luminous white GaN-

based LEDs in the industry to date with efficiency of 161 lm/W have been achieved. 

According to the United States (US) Department of Energy‟s (DOE) Report [8], it is 

expected that if a solid state white light source with more than 150 lm/W were 

developed, a cumulative savings of USD 115 billion in energy would be achieved by 

2025, mitigating the need for 133 new power stations, economizing the use of 273 

TWh/year in energy while eliminating 258 million metric tons of carbon emissions 

within the United States.  It is expected that LED lighting technology will ultimately 

be used in general lighting applications [9]. 
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1.1 Introduction to GaN-based Solid State Lighting 

 

 Creating white light sources is the ultimate goal of solid state lighting 

technology. In 1968, Galginaitis and Fenner conjured up a conversion regarding long 

wavelength IR LEDs to a broader visible spectra [10]. Berggren, Dodabalapur, Kido 

and Hamada demonstrated this is possible using white LED devices made from 

electroluminescent organic semiconductors [11]. However, practical white LEDs had 

to wait until the development of high-brightness blue AlInGaN emitters by 

Nakamura in 1997 [12]. There are two basic ways to produce white LEDs. The first 

approach is a color maximizing technique using different color LED chips. It is also 

possible to down convert the emissions from UV or blue GaN-based LEDs to a long 

wavelength light using phosphors [13]. 

 General lighting accounts for about 21% of the total national energy 

consumption in the US [14].  Moreover, 70% of the energy is consumed as heat [15]. 

Historically, LEDs have been used for indicators and produced low amounts of heat. 

The introduction of GaN-based LEDs has led a revolution towards general 

illumination applications. Theoretically, the GaN-based LEDs with luminous 

efficiency of more than 200 lm/W may be achieved in the coming future [16].  It is 

predicted that GaN-based LEDs may replace all the conventional lighting sources 

due to its high power and efficiency in general lighting applications. 

 The US DOE has indicated that a revolution in lighting technology is taking 

place because of the continued developments in the efficiency of the GaN-based 

LEDs [8]. Figure 1.1 shows the improvements in the luminous efficiency of LEDs 

compared to conventional lighting technologies. 
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Figure 1.1: Development of lighting technology [15].
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Based on the energy saving report by the US DOE [8], efficiency, lamp price 

and lamp life are the three critical consumer parameters. It is predicted by using 

technology improvement S-curves that with an accelerated investment into LED 

technology, the efficiency and lamp life will be enhanced up to 220 lm/W and 100 

thousand hours in the coming ten years. Moreover, the lamp cost will be reduced to 

around USD $5/klm, which is a decrease by two orders of magnitude. Figure 1.2 

shows the energy savings for using solid state lighting as general lighting sources.   

It is believed that the light bulb invented by Edison in 1879 was a milestone 

in lighting technology. At this moment, the rapid development of GaN-based LEDs 

will cause a rapid revolution in lighting technology. In the coming decades, solid 

state lighting could offer greater energy savings which could very well replace all the 

conventional lighting technologies.  

 

 

Figure 1.2: Electricity savings (in US alone) due to solid-state lighting for general 

lighting purposes [8]. 
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1.2 Motivation of the Study 

 

GaN-based semiconductors which are a continuous and direct bandgap 

semiconductor alloys as shown in Figure 1.3, have emerged as the leading materials 

for the LEDs. One of the most defining problems of the GaN-based semiconductors 

is the lack of high quality bulk GaN substrates. To date, sapphire is the most 

typically used substrate for the growth of GaN thin film because it is more cost 

effective as well as stable at high temperatures when compared with other substrates. 

Many efforts have been devoted to the development of the high quality buffer layers 

to accommodate lattice mismatch and the thermal expansion coefficient between the 

epilates and substrate [17]. A high density of threading dislocations, large residual 

strain in the heteroepitaxial structures and strong piezoelectricity of GaN-based 

LEDs affect the device performance [18]. Bulk GaN would be a near perfect match 

substrates for the growth of LEDs [19]. However, sapphire will remain the most 

common substrate for GaN-based LEDs until low cost GaN wafers become available.  

 To date, most of the remarkable and successful growth progresses in GaN-

based LEDs were developed using the MOCVD system [18]. Several parameters 

such as growth temperature, III-V ratio and gases flow rate affect the crystal quality 

and device performance of the LEDs as it was described previously. The luminous 

efficiency and lifetime of the LED devices are two of the most important customer 

parameters in the LED market. Despite the fact that growth optimizations are mature 

enough to introduce into commercial LED devices; there is still considerable room 

for improvement.  
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Figure 1.3: Bandgaps of a number of III-V semiconductor materials as a function of   

lattice constant [18]. 

 

Most of the commercially available GaN-based LEDs are grown on the polar 

[0001] direction (c-axis) of sapphire substrate. The spontaneous polarization field is 

a physical property of the wurtzite structure semiconductors [20], which have a polar 

atomic arrangement along [0001] direction as shown in Figure 1.4. This polarization 

field results in a lattice mismatch induced strain, which affects the optical and 

electrical properties of the LED devices [20]. There are three approaches to tackle 

this problem.  

The first approach:  The use of cubic GaN-based semiconductors is a 

potential remedy to the polarization field due to a lack of a polar atom arrangement 

in the [001] direction [21]. However, the quality of the cubic GaN-based 

semiconductors is not suitable for device fabrication.   
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 The second approach: Based on the wurtzite GaN-based semiconductors, 

inclined planes such as )1110(


and )2211(


, which are semi-polar planes, have lower 

polarization fields [22]. 

 The third approach: Based on the wurtzite GaN-based semiconductors, the 

planes are perpendicular to [0001] direction is selected for the growth of the device 

such as )0211(


(a-plane) and )0011(


 (m-plane), which are the non-polar planes [23]. 

 The schematic views of the polar, semi-polar and non-polar planes are shown 

in Figure 1.4. The semi-polar and non-polar GaN-based materials research was 

conducted in early 2000. The first non-polar m-plane GaN/AlGaN structures were 

grown by MBE [24] and experimentally verified free of electrical polarization along 

the m-plane. After that, a number of research teams have focused on the semi-polar 

and non-polar GaN-based materials, especially evaluating their potential in device 

application [25-27]. Since that time, the number of publications regarding the semi-

polar and non-polar GaN-based materials has rapidly increased as shown in Figure 

1.5. Until this moment, growth optimizations and the crystal quality of the semi-polar 

and non-polar GaN-based materials still have huge room for future development [28, 

29]. Moreover, challenges in measurement should be overcome due to the 

complicated material properties when compared with c-axis growth GaN-based 

materials [20]. Some significant breakthroughs should be made including the growth 

mechanism, crystal quality and device fabrication before the semi-polar and non-

polar GaN-based LEDs are commercially introduced into the market.    
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Figure 1.4: Schematic GaN crystal structure, which illustrating the available growth    

planes [20]. 

 

 

Figure 1.5: Number of publication for semi-polar and non-polar GaN-based materials 

[20]. 
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1.3 Thesis Overview 

 

It has been reported that the GaN-based LEDs will be widely used in general 

lighting if a luminous efficiency close to 200 lm/W is achieved [30]. To date, with 

considerable improvement in the growth and fabrication of GaN-based LEDs, LEDs 

device with 161 lm/W have been achieved by Cree. In order to realize the full 

potential of the GaN-based LEDs, the following fundamental and technological 

issues should be addressed:  

 

(i) Internal quantum efficiency; 

(ii) Polarization effect; 

(iii) Thermal management;  

(iv) Light extraction efficiency; and 

(v) Efficiency of the phosphor. 

 

In this thesis, emphasis will be focused on items (i) and (iii) listed above.  As 

mentioned previously, (0001) oriented sapphire is the most commonly used substrate 

for the growth of GaN-based materials. However, several types of dislocations such 

as stacking faults and threading dislocations with density of 2410 cm and 2910 cm are 

observed because of the large lattice mismatch between GaN and sapphire (14%) 

[31]. ELOG is one of the most promising techniques to reduce the dislocation density. 

Threading dislocations have been found to be non-radiative recombination centres 

and carrier scattering centres, which limit device efficiency and reliability [20]. 

Moreover, the threading dislocations introduced in the MQWs layers are possibly 

fast diffusion pathways, which affect the device‟s luminous efficiency and reliability. 
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Adjusting the growth conditions such as III-V ratio, growth rate and growth 

temperature can result in better quality MQWs layers, which may enhance the 

internal quantum efficiency. Another approach is to develop MOCVD based variant 

of ELOG for GaN-based thin film as shown in Figure 1.6. 

 

 

Figure 1.6: Schematic diagram of different types of ELOG: (a) Conventional 

ELOG;(b) FIELOG; (c) PENDEOG; (d) Utilization of other masks such 

as tungsten; (e) Air-bridged ELOG; (f) Production of grooved striped 

structure; (g) Direct lateral epitaxy; and (h) Facet-controlled ELOG [32]. 

   

 



 

 11 

As far as the polarization effect is concerned, it is projected that semi-polar 

and non-polar GaN-based LEDs may lead to major breakthroughs; one breakthrough 

being replacing all of the conventional c-plane LEDs because of the elimination of 

the polarization field. However, the semi-polar and non-polar growth GaN-based 

layers have been characterized by a large dislocation density [20]. To date, one of the 

largest problems is their micro structural quality. It has been known that large area 

high quality GaN thin film is required for device fabrication. However, the high 

densities of stacking faults and threading dislocations have been found in the semi-

polar and non-polar surfaces during the MOCVD growth. These defects are 

pernicious to the lifetimes of the LED devices as they are current shortcut pathways. 

ELOG techniques [33-35] or SiNx masking [36] can be used to reduce dislocation 

density. A more in-depth understanding of defect formation mechanisms is required 

for controlling the growth of the semi-polar and non-polar GaN thin films so as to 

reduce or avoid the formation of defects. 

When it comes to the light extraction efficiency, a significant part of 

generated light is trapped inside the LEDs by total internal reflection because of the 

parallel sidewalls. During this process, a significant percentage of emitted photons 

will be reabsorbed by the InGaN layer leading to reduced extraction efficiency [37]. 

The re-absorption process limits the development of large area LEDs because of it 

increases with the size of the devices [38-40]. In order to extract the trapped light, a 

micro-cone LED structure has been proposed, which can greatly enhance the light 

extraction efficiency [23] as shown in Figure 1.7. However, it is difficult to produce 

the micro-cone LEDs because of the natural crystal structure of GaN and 

complicated fabrication process. In 2003, the first irregular micro-cone LED device 

was fabricated by chemical etching of the nitrogen terminated face of the GaN thin 



 

 12 

film, which increased the light output by four fold compared with the conventional 

devices [23]. Another method is a bottom up approach, which allows for formation 

of the uniform and controllable micro-cones automatically using the ELOG 

technique. It is believed that micro-cone LEDs are the ultimate LED structure for 

light extraction efficiency when considering light efficiency and production costs.  

 

 

 

Figure 1.7: Schematic structure of micro-cone LEDs [23].  
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1.4  Objectives of the Study 

 

The objectives of this research study are as follows: 

 

1. To understand and optimize the growth and fabrication processes. Two types of 

LEDs with different growth conditions are selected for the study of the structural, 

optical and electrical measurements to determine the internal quantum efficiency 

and reliability of the LED devices.    

 

2. To employ a high resolution thermal imaging technique to determine the 

temperature profiles across the MQWs during the operation of the devices. The 

temperature profiles of the two different types of LED devices under different 

high current stressing times are investigated and correlated with the results of 

transmission electron microscopy and low-frequency noise measurement 

techniques.  

 

3. To study the growth conditions and defect formation mechanisms of ELOG by 

using scanning electron microscopy, atomic force microscopy and transmission 

electron microscopy. 

 

4. To fabricate and characterize a novel NELOG LED devices by using atomic 

force microscopy, electroluminescence, I-V measurement, low-frequency noise 

measurement and thermal imaging techniques.  
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2.0 BACKGROUND 

 

2.1 Brief History of the Development of GaN-based LEDs 

 

During the past decade, GaN-based materials have emerged as the leading 

materials for optoelectronic devices in the visible to UV range. At the beginning of 

1970, several studies were conducted to investigate potential semiconductor 

materials including Silicon Carbide (SiC), Zinc Selenide (ZnSe), Zinc Oxide (ZnO) 

and Gilliam Nitride (GaN) for solid state lighting [13]. In 1969, Muruska and Tietjen 

[41] was the first group to report the growth of GaN thin films using the hydride 

vapor phase epitaxy (HVPE) technique. With the continuous development of epaxial 

growth techniques, MOCVD and molecular beam epitaxy (MBE) techniques were 

investigated for GaN growth in 1971 and 1974 respectively [42, 43]. The first blue-

green GaN-based LEDs with a metal-insulator-semiconductor structure were 

fabricated by Pankove [44, 45]. However, high dislocation density of the GaN thin 

films prevented the development of the GaN-based devices such as high power white 

LEDs and Laser diodes.  Therefore, before the end of 1980, SiC and ZnSe were used 

for the fabrication of the commercial devices [46]. However, the device efficiency of 

SiC is limited by the indirect bandgap and ZnSe suffers from short life span 

preventing wide scale commercial applications. Towards the end of the eighties, 

researchers finally made a breakthrough for the growth of the GaN-based materials 

using a low temperature GaN or AlN buffer layer which led to a significant reduction 

of the dislocation density [47]. In 1986, Amano‟s group [48] successfully 

demonstrated the growth of high quality GaN thin film, which not only had a crack-

free GaN surface but also improved the electrical and optical properties, by using a 
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low temperature AlN buffer layer. Another important discovery was the development 

of p-type GaN (p-GaN) doping using Magnesium (Mg) impurities. The development 

of the p-GaN was prevented because of the large amount of oxygen impurities and 

nitrogen vacancies incorporated into the GaN during the growth resulting in high n-

type GaN (n-GaN) carrier background concentrations [49]. After nearly ten years of 

research and development, it was found that the Mg doping p-GaN films can be 

activated using low energy electron beam irradiation (LEEB) [50] or thermal 

treatment [51].   

The research on the GaN-based optoelectronic devices was developed rapidly 

after solving technical problems relating to the film quality and p-GaN doping. In 

1993, Nakamura and his co-workers successfully developed a commercial candela 

class blue LED [52]. Additionally, GaN-based pulsed laser diodes [53] and devices 

such as UV detectors, p-n junction photodiodes [54, 55], HEMTs [56, 57] were 

fabricated in the 90s. After intensive development on GaN-based LEDs, green GaN-

based LEDs were commercialized by Nichia in 1995 [58, 59]. Afterward, a red 

InGaN single quantum well (SQW) LEDs was fabricated by increasing the Indium 

(In) concentration in Nakamura‟s group [60, 61].  

In 1997, Kim et al. [62] demonstrated a laser lift off (LLO) technique, 

providing a potential direction to tackle the thermal management problem of the high 

power GaN-based LEDs by transferring the GaN LEDs thin films to other substrates 

such as Si and Cu. To date, many efforts have been devoted to solving the 

piezoelectric polarization effect of the GaN-based materials. In the early stages of the 

development of semi-polar and non-polar LEDs, much effort had been expended on 

the optimization of the growth process. ELOG technique is used for obtaining a 

crack free surface while maintaining a low dislocation density GaN thin film on 



 

 16 

semi-polar and non-polar surfaces [63, 64]. As mentioned previously, more 

challenges regarding the measurement and fabrication process are encountered 

because of the complicated material properties. In order to fully exploit the potential 

of GaN-based LEDs, the fabrication of semi-polar or non-polar GaN-based LEDs is 

certainly an important direction to be explored. 
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2.2 Brief Introduction of III-Nitride Materials  

 

 Considering the semiconductor materials used for the fabrication of high 

brightness LEDs, several requirements should be achieved. First, one of the 

important requirements is matching the bandgap energy with visible photon energies. 

Second, the materials are supposed to have a high rate of radiative recombination 

which can be obtained only in semiconductor with a direct gap. Moreover, high 

resistance in the formation of non-radiative recombination centers is also important 

for the high brightness LEDs.  After several decades‟ investigation and development, 

direct bandgap III-Nitride materials such as GaN, InN and AlN become industry 

standard in the high brightness LED industry. Mature growth (MOCVD) and 

fabrication (p-type GaN activation and contact) technologies were developed. 

As reported by Trampert et al., zinc-blende, rock-salt and wurtzite are the 

three common crystal structures in III-Nitride materials which shown in Figure 2.1 

[65, 66]. For the zinc-blende GaN structure, it is meta-stable which exists in suitable 

substrates such as silicon (001) and gallium arsenide (100). For the rock-salt GaN 

structure, it is observed only in high pressure growth conditions [67]. For the 

wurtzite GaN structure, it is a hexagonal close packed (HCP) structure which group 

III atoms occupy half of the tetrahedral sites available in the lattice [68].  The GaN 

samples and LEDs used in this study are in the wurtzite phase so detailed crystal 

structure will only be discussed based on the HCP structure. The top and bottom 

faces of the unit cell consist of six atoms and three atoms between the top and bottom 

planes, which the stacking sequence of (0001) planes is ABABAB in the [0001] 

direction. The properties of wurtzite GaN, InN, AlN and sapphire are summarized in 

table 2.1.  



 

 18 

  

 

   

Figure 2.1: Schematic diagram of (a) Rock-salt, (b) Zinc-blende; and (c) Wurtzite 

crystal structures in III-Nitride materials. 

  

Parameter GaN AlN InN Sapphire 

Lattice Constant, a (Å )  

Lattice Constant, c (Å ) 

3.189 

5.186 

3.112 

4.982 

3.533 

5.693 

4.758 

12.990 

Bandgap Energy at 300K (eV) 3.439  6.2 1.97 6.2 

Piezoelectric contant, e31 (C/m
2
) -0.33 -0.48 -0.57 - 

Piezoelectric contant, e33 (C/m
2
) 0.65 1.55 0.97 - 

Spontaneous polarization, P||
d
 (C/m

2
) -0.029 -0.081 -0.032 - 

Thermal Conductivity (W/cm K) 1.3 2.0 - 0.5 

Thermal Expansion Coefficient,  

a (10
-6 

K
-1

) 

c (10
-6 

K
-1

) 

 

4.3 

4.0 

 

5.27 

4.15 

 

5.6 

3.8 

 

7.5 

8.5 

Effective Electron Mass 0.2 0.4 0.11 - 

Effective Heavy Hole Mass 0.8 3.5 1.6 - 

Dielectric constant 8.9 8.5 15.3 - 

 

Table 2.1: Properties of Wurtzite AlN, GaN, InN and sapphire. 

 

(a) (b) (c) 



 

 19 

MOCVD is a non-equilibrium growth technique which was first introduced 

for GaAs in 1968 [69]. This technique includes vapor transport of source materials 

(precursors); follow by subsequent reaction of theses materials in the heated zone 

and finally the deposition of the crystalline compound on the substrate. The group III 

pre-cursors sources used in this study are trimethylgallium (TMGa) and 

trimethylindium (TMIn). The group V precursor is ammonia (NH3). The dopant 

precursors are the metal organic compounds cyclopentadienyl magnesium (Cp2Mg) 

and liquid Si ditertiarybutyl silane (DTBSi). The typical MOCVD reaction for the 

growth of the LEDs thin film is: 

 

433333 )()( CHNGaInNHCHyGaCHxIn yx      (2.1) 

 

A detailed description of the MOCVD growth was reviewed by Nakamura and Fasol 

in 1997 [70]. The schematic gas delivery system of Thomas Swan MOCVD is given 

in Figure 2.2. In order to receive a high quality nitride layer, a low temperature 

nucleation layer is required. The sapphire substrate is placed on the susceptor and 

heated to a temperature greater than 1000
o
C. 
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Figure 2.2: Schematic gas delivery system of Thomas Swan MOCVD. 
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2.3 Technological Challenges for GaN Growth  

 

 Growth of the high quality III-Nitride semiconductor materials is difficult. 

Developments in III-Nitride growth techniques and device fabrication processes have 

required tremendous effort. With the continuous efforts from semiconductor 

physicists and materials engineers, high brightness LEDs has been realized in recent 

decades. Some of the major technological breakthroughs are mentioned as follow:  

 

2.3.1 Substrate materials 

 

 The mismatch in lattice constant and thermal expansion efficient between the 

III-Nitride thin film and substrate introduce a high dislocation density. Some of the 

substrate materials for the growth of GaN thin film were recorded in Table 2.2.  

Many efforts were used to deposit GaN thin film with different substrate including 

some oxide materials with a lattice constant slightly greater than GaN. It was 

predicted that the InGaN thin film could be grown with a high indium concentration. 

However, other problems with these oxides prohibited their application [71-75]. 

Another research group suggested other substrates such as GaAs (100), Si(111), GaP 

and InP, etc, for the growth of GaN thin film [76-78]. Unfortunately, the lattice 

mismatch, thermal instability, poor quality and cost problems restricted the adoption 

of these materials. 

  Considering all the potential substrate materials, sapphire is still the most 

commercially used substrate because of its compatibility with GaN crystal 

orientation, its high temperature growth stability and relatively low cost. However, 

sapphire is not the ideal substrate because of the large lattice mismatch (14%) and 
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thermal expansion coefficient with GaN, which highly affects the film quality [79]. 

Therefore, a low temperature GaN buffer layer is necessary for the growth of GaN on 

sapphire in order to achieve an acceptable film quality [80].  
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 Material Structure Lattice constants (Å ) Thermal 

      expansion 

     coefficient 

  (a) (b) (c) (10-
6
 K-

1
) 

 w-GaN wurtzite 3.1885  5.185 5.45 

 zb-GaN  zincblende  4.511     

 r-GaN  rocksalt  4.22     

 w-AlN  wurtzite  3.1106   4.9795  2.2 

 zb- AlN  zincblende  4.38     

 r-AlN  rocksalt  4.04     

 ZnO  wurtzi te  3.2496   5.2065  2.9 

 β-SiC  3C-zincblende  4.3596    3.9 

 SiC  4H-wurtzite  3.073   10.053   

 SiC  6H-wurtzite  3.0806   15.1173  4.46 

 BP  zincblende  4.538     

 GaAs  zincblende  5.6533    6.0 

 GaP  zincblende  5.4309    4.65 

 Si  diamond  5.4310    3.59 

 Al2O3  rhombohedral  4.758   12.982  7.50 

 MgAlO4  spinel  8.083    7.45 

 MgO  rocksalt  4.216    10.5 

 LiGaO2  orthorhombic  5.4063  6.3786  5.0129  9.0 

 r-LiAlO2   5.169   6.267  15 

 NdGaO3  orthorhombic  5.428  5.498  7.71  11.9 

 ScAlMgO4  wurtzi te  3.236   25.15   

 Ca8La2(PO4 )6O2  apatite  9.446   6.922   

 MoS2       

 LaAlO3  rhombohedral  5.364   13.11   

 (Mn,Zn)Fe2O4  spinel  8.5     

  Ca8La2(PO4 )6O2 apatite  9.446   6.922   

 Hf  hCD  3.18   5.19   

 Zr  hcp  3.18   5.19   

 ZrN  rocksalt  4.5776     

 Sc  hcp  3.309   5.4   

 ScN  rocksalt  4.502     

 NbN  rocksalt  4.389     

 TiN  rocksalt  4.241     

Sapphire wurtzite 4.758  12.99 7.5 

 

Table 2.2: Structural properties of substrate materials for GaN heteroepitaxy. 
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2.3.2 Material Defects Reduction 

 

 The dislocations in GaN-based materials are believed to be carrier scattering 

and trap centers [80-82], current leakage sources [83-85] and impurity diffusion 

paths [86].  As mentioned previously, the mismatch in lattice constant and the 

thermal expansion coefficient between substrate and GaN thin film enhances the 

threading dislocation density in the order of magnitude of 10
11

 cm
-2

 which highly 

affects the LEDs performance. In addition, the heteroepitaxial LEDs suffer from 

structural strain leading the formation of cracks and a built in electrostatic field [87, 

88]. Therefore, different types of growth mechanisms have been suggested to tackle 

the problem. 

 

2.3.2.1 Low Temperature Buffer Layer 

 

In 1991, Nakamura demonstrated by using a low temperature (LT) buffer 

layer at 450-600
o
C it is possible to reduce the threading dislocation density in the 

MOCVD system. The principle of this growth technique is to insert a LT GaN or 

AlN amorphous layer between the substrate and GaN thin film [89]. Then the buffer 

layer is crystallized into a dislocated interface at roughly 1000-1030
 o

C ultimately 

reducing lattice mismatch. The threading dislocation density was reduced to around 

10
8
 cm

-2 
 by employing this technique [90] but still remains high when compared to 

the conventional  III-V GaAs material system (10
2
 cm

-2
). A schematic diagram for 

the growth process is shown in Figure 2.3. 
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Figure 2.3: Schematic diagram for the LT buffer layer growth process. 
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2.3.2.2 Epitaxial Lateral Overgrowth 

 

Another approach, known as ELOG, recently developed for reducing the 

dislocation density in III-Nitride materials system. The concept of ELOG is that GaN 

growth only starts in selective areas which can be controlled by using a growth mask. 

SiO2 and SiNx are the common mask materials for ELOG which is deposited on a 

GaN thin layer [91, 92]. Long channels of GaN are exposed using the standard 

photolithography technique. During the re-growth process, GaN only grows on the 

open area (unmasked regions) and results in lateral overgrowth in the GaN wings 

(masked regions). Therefore, nearly dislocation free materials can be obtained above 

the masked regions. A significant decrease in the threading dislocation has been 

achieved (about  10
7
 cm

-2
) using this conventional ELOG process [93].  T. Mukai 

demonstrated that the output power of ELOG LEDs was much higher when 

compared to sapphire because of the reduction of threading dislocation [94]. Using 

this technology, Nakamura fabricated a laser diode with lifetime of more than 10,000 

hours running in continuous 2 mW output power [95]. A schematic diagram of 

conventional ELOG process is shown in Figure 2.4. 
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Figure 2.4: Schematic diagram of growth steps for the conventional ELOG process. 
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2.3.2.3 GaN Homo-substrate 

 

 The dislocation density can be substantially reduced using a homoepitaxial 

growth on native GaN substrate. X. A. Cao reported in 2004 that the surface and bulk 

defects were decreased tremendously leading to a decrease in reverse bias saturation 

current by more than six orders of magnitude by using GaN substrate instead of 

sapphire substrate [96]. The light output efficiency of the UV-LEDs using GaN 

substrate was doubled compared to the UV-LEDs using sapphire as substrate. 

Moreover, the performance of the LEDs on sapphire was diminished for an input 

current higher than 100mA due to the low thermal conductivity of sapphire. Their 

results indicated that the LEDs performance improves with material quality. 

Therefore, the development of the native GaN sapphire for MOCVD growth 

becomes the key to obtain an ultimate high brightness LED. Several approaches have 

been suggested for obtaining a good quality GaN substrate. Vaudo et al. 

demonstrated that 300 μm thick HVPE free standing GaN substrate could be 

obtained from sapphire using mechanical polishing [97]. Unfortunately, this 

technique is time consuming and of low yield especially in the case of sapphire 

substrate. Another approach is using potassium hydroxide to etch away the sacrificial 

layer between the sapphire and GaN film [98]. However, the etching process would 

be slowed down by chemical diffusion so only small area of free standing GaN films 

could be obtained.  

 Laser-assisted lift off (LLO) technique can be used for the separation of thick 

HVPE GaN film from sapphire. Wong et al. [99] demonstrated that a thin sacrificial 

GaN layer between the interface of GaN and sapphire is decomposed into metallic 

Ga and nitrogen gas when GaN is irradiated with a KrF excimer laser at a specific 
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energy. The free standing GaN thin film can be separated from the sapphire substrate 

by warming the thin film to around 50
o
C. Miskys et al. [98] shown that the 

dislocation density using LLO GaN substrate was reduced by nearly three orders of 

magnitude compared with the sapphire substrate. A schematic diagram showing the 

steps of LLO is shown in Figure 2.5.     

 

 

 

 

 

 

 

Figure 2.5: Schematic diagram showing the steps of LLO. 
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2.3.3 P-type Doping Materials 

 

 Controlling the doping concentration and the selection of dopants is one of 

the core developments of LED industries. The as-grown GaN thin film is normally 

an intrinsically strong n-type semiconductor with carrier concentration as high as 

10
20

 cm
-3

 because of the existence of nitrogen vacancies and oxygen impurities 

during the growth process [100, 101]. Therefore, high carrier concentration of p-type 

GaN thin layer is difficult to obtain.  Since the late 1960s, substantial research effort 

has been focused on this aspect.    

 Amano et al. [50] reported in 1989 that a p-type GaN film using Mg as a 

dopant following by annealing could be obtained. Theoretically, the solubility of Mg 

dopant in the GaN lattice is restricted to around 10
20

 atoms/cm
3
 because of the 

formation of Mg3N2 in high dopant concentrations. Only about one percent of Mg 

atoms can be activated at room temperature because of the large ionization energy 

(200meV). Therefore, activation process of Mg atoms is required to obtain a high 

dopant concentration.  In 1992, Nakamura‟s group demonstrated that thermal 

annealing of the GaN film at 700
o
C in nitrogen condition could activate the Mg 

dopant [51]. Several studies on the activation process using thermal annealing with 

temperatures above 1000
 o
C obtained high carrier concentration [102]. However, the 

high temperature process affected the quality of the MQW layers during the 

fabrication process. Therefore, lower temperature and faster activation process is a 

better approach to obtain a high reliability LED devices.  
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2.4 Basic Working Principle of LEDs  

 

LEDs offer a totally different way of light generation when compared to 

conventional lighting technologies. The theory of radiative recombination of holes 

and electrons is the basis operation of all the LEDs. In this chapter, the basic working 

principle and knowledge including the efficiency of LEDs, recombination process, 

MQW structure will be discussed. Moreover, the GaN-based LEDs material system 

as well as the electric and optical design will be dealt with.  

 

2.4.1 LEDs Efficiency 

 

Considering the processes of light generation of the LEDs, radiant efficiency 

(wall-plug efficiency) can be used for the characterization of its performance as 

follow [13]: 

 

fextrad           (2.2) 

 

where ext  is the external quantum efficiency and f  is the feeding efficiency which 

is the fraction of the mean energy of emitted photons and the total energy of electron-

hole pair that obtained from the LED‟s energy source. 

 The external quantum efficiency is the ratio of the number of photons emitted 

out and electron passing through the LEDs. Mathematically, it is the product of the 

injection efficiency ( inj ), internal quantum efficiency ( int ) and the light extraction 

efficiency ( lig ) 
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               (2.3) 

 

 The injection efficiency can be considered as the fraction of the injected 

electrons into the active region (MQWs layer), where radiative recombination 

(discussed in Section 2.4.2.1) takes place and electrons pass through the LEDs. 

Mathematically, the injection efficiency can be defined as the fraction of minority 

carrier hole diffusion current to total current:   

 

 

          (2.4) 

  

where Jp, Jn and Js are the minority carrier hole diffusion current, minority carrier 

electron diffusion current and space charge recombination current. 

The internal quantum efficiency is the ratio of radiative recombination of 

electron-hole pairs to total number of recombined electron-hole pairs in the active 

region (discussed in section 2.4.2.2). The light extraction efficiency is a ratio of the 

number of escaped photons to generated photons from the LED device .For an ideal 

LED device, the radiant efficiency is nearly equal to one with the external quantum 

efficiency and feeding efficiency are also nearly equal to one. However, for the real 

LED devices, internal thermal heating are introduced during the operation of the 

devices because of the voltage drop across the series contact resistance and defects in 

the material structure ( 1,, int injf  ). On the other hand, the light extraction 

efficiency is less than one ( 1lig ) because of the total internal reflection between 

the GaN and air and the re-absorption of photons during the light passing through the 

material.  

liginjext  int

spn

p

inj
JJJ
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2.4.2 Recombination Process of LEDs 

 

 Radiative and non-radiative recombination can both exist during the 

operation of the LEDs devices. The internal quantum efficiency of the LEDs devices 

is determined by the competition between these two types of recombination 

processes.  

 

2.4.2.1 Radiative Recombination 

 

Basically, there are two main types of radiative recombination: Intrinsic 

radiative recombination (Figure 2.6) and Extrinsic (impurities) radiative 

recombination (Figure 2.7).  Figure 2.6a show the band to band transitions where the 

photons are emitted from the recombination between the electron and hole pairs. 

Considering the operating temperature of the LEDs devices is not too high, the 

electron and hole can form hydrogen like structure called exciton. Figure 2.6b and 

2.6c illustrate the intrinsic radiative transitions including the excitons.  During the 

MOCVD growth of GaN/InGaN MQWs, band potential fluctuations are observed 

due to the non-uniformity of the spatial distribution of In concentration. Therefore, 

the carriers localized at such fluctuations will more likely recombine radiatively than 

non-radiatively. Extrinsic radiative recombination is the mechanism with the 

presence of impurities such as defects and doping atoms. In this mechanism, photons 

can also be emitted from the trap carries. One of the typical examples is the yellow 

emission from the GaN-based LEDs. At low working temperature and low densities 

of impurities, the bound exciton recombination (Figure 2.7d) is the dominated 

emission mechanism for many semiconductor-based LEDs.   



 

 34 

 

  

  

Figure 2.6: Schematic diagram of intrinsic radiative recombination: (a) Band to band     

transitions; (b) Free excitons annihilation; and (c) Recombination of 

excitons at band-potential fluctuations.  

 

  

  

Figure 2.7: Schematic diagram of extrinsic radiative recombination: (a) Conduction-

acceptor transitions; (b) Donor-valence transitions; (c) Donor-acceptor 

transitions; and (d) Bound exciton recombination.  

(a) (b) 

(c) 

(a) (b) 

(c) (d) 
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 The energy and momentum have to be conserved during the radiative 

recombination process. For direct bandgap semiconductors such as GaN and GaAs, 

the electron transitions from the conduction band are vertically transmitted to the 

valence band (Figure 2.8a). Therefore, direct band gap semiconductors are more 

suitable for application in optoelectronic devices such as LEDs. However, for 

indirect bandgap semiconductors like GaP and SiC, the band to band radiative 

recombination requires the participation of other particles such as phonon and 

plasmon as the bottom of the conduction band and the top of the valence band are not 

aligned in the same k-point (Figure 2.8b). Normally, the probability of emitting light 

through the indirect bandgap semiconductors is less than the direct bandgap 

semiconductors. However, momentum conservation can be infringed for the impurity 

assisted radiative transition because of Heisenberg‟s uncertainty principle (Figure 

2.8b) 

 Considering the sum over the quantum mechanical probabilities of photon 

emission by Varshni in 1967 [103], the radiative recombination coefficient can be 

represented by: 

 

2/3)3( TB  in a three dimensional structure     (2.5) 

 

1)2( TB  in a two dimensional structure     (2.6) 

 

The rate of the radiative recombination ( radR ) and carrier lifetime ( rad )  

depends on the type of the injection and injection level as follow [13]: 

 

)( 00 pnnppnBR radrad        (2.7) 
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and 

 

for high injection levels ( 00 pnn  ) and in double-heterostructure LED 

( pn  ), 

 

nBrad

rad



1

           (2.8) 

 

where radB  ( 000 / pnRBrad  ) is the radiative recombination coefficient, 0n  and n  

are the equilibrium and excess densities of electrons, 0p  and p  are the equilibrium 

and excess densities of holes. 

 

 

Figure 2.8 Schematic band diagrams of (a) Band to band radiative transition in the 

direct band gap semiconductor and (b) Impurity assisted radiative 

transition in the indirect band gap semiconductor. 

 

 

(a) (b) 
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2.4.2.2 Non-radiative Recombination 

 

As mentioned at the beginning of this section, radiative and non-radiative 

recombinations are both in excess during the operation of the LED devices. One of 

the typical non-radiative recombination is the Auger process which reduces the 

internal quantum efficiency of the devices. The principle of auger recombination is 

that the released energy by the electron-hole pairs is reabsorbed by the majority 

carriers. Under the auger recombination, non-radiative recombination appear by 

capturing the free carriers including the excitation of deep impurity center to high 

vibration states followed by relaxation via multi-phonon emission (Figure 2.9). At 

the beginning, the electrons at the empty center must absorb some vibration energy 

( eE ) from the phonons (Curve C in Figure 2.9). Then the electrons can transit into 

the deep level trap followed by energy relaxation by multiple phonon emission 

(Curve T in Figure 2.9). Finally, the electrons should over come barrier energy ( hE ) 

before the recombination with holes (Curve V in Figure 2.9). Ultimately, the 

incoming energy of the electron hole pairs is transformed to lattice vibration. The 

following equation is the non-radiative lifetime of the electron-hole pair captured by 

deep level trap center [13]:  

 

)/exp()/exp( 00 TkETkE BhhBeenrad        (2.9) 

 

where 0e  and 0h  are the electron and hole lifetimes at the infinite temperature limit. 
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At low enough temperature, electrons tunneling between the potential curves 

can occur (Green arrow in Figure 2.9) which has a temperature independent non-

radiative lifetime: 

 

nrad   is constant        (2.10) 

 

 Considering both the radiative and non-radiative recombination, the overall 

lifetime of the excess carriers is [13]: 

 

nradrad 

111
         (2.11) 

 

Eventually, the internal quantum efficiency can be calculated as: 

 

nradradrad 




/1

1
int


        (2.12) 

 

 Normally, the internal quantum efficiency decreases with the working 

temperature of the LED devices because of the decrease and increase of the non-

radiative and radiative lifetimes with temperature.  

 

 

 

 

 

 



 

 39 

 

 

Figure 2.9: Schematic diagram of the steps of non-radiative recombination. 
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2.4.3 Multiple Quantum Well Structures 

 

 At the early stage of the development of the GaN-based LEDs, the device 

structure is basically a p-n homo-junction (Figure 2.10) which limits their application 

in solid state lighting. However, the quantum efficiency in such kind of LEDs is very 

low because of the re-absorption of emitted photons and low injection efficiency. 

The problem can be solved by introducing a small band gap active layer between the 

n- and p-type GaN, which called hetero-structure (Figure 2.11). Using this structure, 

the injection efficiency and the internal quantum efficiency can be improved by 

avoiding long diffusion of the minority carriers and enhancing the radiative 

recombination rate. However, the problem of the hetero-structure is a small active 

region, several approaches such as thickening the active layer and repeating the 

active layer (MQWs) were suggested to solve the problem.  Increasing the thickness 

of the active layer to critical thickness may introduce a high dislocation density 

especially threading dislocation because of the lattice mismatch between GaN and 

InN. Therefore, only a thin active layer is used to increase the radiative 

recombination rate and reduce the re-absorption of the emitted photons. Using MQW 

structure is a better way to tackle the problem. Based on this approach, the first 

commercial GaN-based LED device was fabricated in 1995 [105]. 

  In 1997, Chang et al. suggested an electron blocking layer between the active 

layer and p-type layer to prevent the leakage of electrons from the active layer [106]. 

The schematic band gap diagram with the electron blocking layers is shown in Figure 

2.12. 
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Figure 2.10: Schematic diagrams of a p-n homo-junction under: (a) Zero and (b) 

Forward bias [107]. 
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Figure 2.11: Schematic diagram of a p-n diode with a hetero-structure under forward 

bias [107]. 

 

 

Figure 2.12: Schematic diagram of MQWs with electron blocking layer [107]. 
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2.4.4 Light Extraction of LEDs 

 

 In order to exploit the full potential of the GaN-based LEDs as solid state 

lighting sources, light extraction efficiency is one of the most important factors for 

the improvement on the radiant efficiency of the LEDs devices. Due to the large 

differences in the refractive indices between GaN, epoxy and air, a major part of 

light generated inside the active area (MQWs) of the LED is total internally reflected 

back into the semiconductor. Therefore, the structural design of the high brightness 

LEDs is extremely important. The following approaches are commonly used to 

enhance the light extraction efficiency of the LEDs devices. 

 

2.4.4.1 Distributed Bragg Reflectors 

 

 This idea of distributed Bragg reflectors (DBR) was first introduced by Kato 

et al. (1991) and Saka et al. (1993) for enhancing the light extraction efficiency of 

GaAs/AlGaAs LEDs [108]. Soon after, this technique was applied to the GaN-based 

LEDs in 2000 by Nakada [109]. The structure of DBRs consists of a number of high 

and low refractive index material pairs, which the optical thickness is a quarter of the 

emitted photon wavelength. In principle, the more the number of periods and higher 

difference in the refractive indices, the higher is the efficiency of the DBRs structure. 

The schematic diagram of the DBRs structure of a LED is shown in Figure 2.13. 
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Figure 2.13: Schematic diagram of a LED with DBRs structure [13]. 

 

2.4.4.2 Shaping of LEDs 

 

 The application of shaping technology can substantially increase the light 

extraction efficiency by more than fifty percent. A typical truncated inverted pyramid 

(TIP) LED is shown in Figure 2.14. The LED devices can be fabricated using a 

beveled dicing blade, which can pare off the sidewall to a certain angle. It was 

reported that the external quantum efficiency can reach more than 55% for 

AlGaInP/GaP TIP LEDs because of reducing the total internal reflection [13].  

 

Figure 2.14: Schematic diagram of a LED with TIP structure [13]. 
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2.4.4.3 LEDs Surface Texturing 

 

Modifying the light emitting surface can enhance the light extraction 

efficiency of the LED devices. Several approaches including plasma etching (Figure 

2.15), chemical wet etching and the photonic crystal technique (Figure 2.16) have 

been introduced to vary the light emitted surface [13]. However, plasma etching is 

not a good approach primarily due to the difficulty controlling the etching depth and 

the introduction of defects. For the photonic crystal technique, it is a novel idea for 

enormously raising the external quantum efficiency close to unity. However, one of 

the critical factors prohibiting the potential application of this technology is the 

uniformity of large area fabrication. To date, chemical wet etching is the most 

commonly used technology for roughening the light emitting surface because of the 

low cost and ability in large area production.    

 

Figure 2.15: Schematic diagram of surface plasma enhanced LED [13]. 

Figure 2.16: GaN-based LED with photonic crystal structure. 
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4.0 THEORETICAL OVERVIEW AND 

CHARACTERIZATION TECHNIQUES  

 

4.1 X-ray Diffraction 

 

3.1.1 Basic Principle  

 

 X-ray diffraction (XRD) is a non-destructive technique looking at scattering 

X-rays from the crystalline materials. Different materials produce a unique X-ray 

fingerprint at certain scattering angles, which is an important measurement technique 

for analyzing the properties of the materials. In order to understand the fundamental 

principles of the XRD instrument, several basic concepts including  2   scan and 

rocking curve scan will be discussed. A schematic diagram of the four primary axes 

of XRD system is shown in Figure 3.1. 

 The incident X-ray interacts with the atoms so that diffraction is observed 

when electromagnetic radiation impinges on periodic structures. Maximum diffracted 

X-ray beam can only be obtained when two incident X-rays are obtained the Bragg‟s 

law as below: 

 

 nd sin2 , n=1, 2, 3,……       (3.1) 

 

where d is the inter-planar spacing,   is the incident angle of the X-ray beam, n is 

the order of the intensity maximum and   is the wavelength of the X-ray beam, 

which is typical  Cu 1K  radiation (
0

541.1 A ). 
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Figure 3.1: Schematic diagram of the XRD system. 

 

 

Figure 3.2: Schematic diagram of Bragg diffraction of X-ray.  
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From Figure 3.2, constructive interference occurs only when: 

 

nBCAB  , n=1, 2, 3,……      (3.2) 

 

 The maximum X-ray signal can only be obtained when the sum of AB and 

BC are equal to equation 3.1 for any arbitrary angle   .  

  

3.1.1.1  2 Scan 

 

Figure 3.3: Schematic diagram of  2 scan. 

 

 The  2 scan is the frequently used measurement technique in XRD for 

identification of the lattice constant and mole fraction of the materials. During the 

 2 scan, the X-ray source is kept at a fixed position. The sample rotates a certain 

angle with respect to the X-ray beam axis. At the same moment, the detector rotates 

twice of that certain angle as illustrated in Figure 3.3. The detector follows the 

reflected X-ray beam and receives the maximum signals from the diffraction. After 

that, the material information such as orientation can be determined. 
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3.1.1.2 Rocking Curve Scan 

 

Figure 3.4: Schematic diagram of rocking curve scan. 

 

 The  2 scan can only provide the information on the crystalline 

orientation of the thin film but not the quantitative measurement of the quality. In 

order to determine the quality of GaN-based LEDs, the rocking curve measurement 

is commonly used. This technique can be applied to determine the inter-planar 

spacing of the MQWs.  

 The schematic diagram of the experimental setup is shown in Figure 3.4. 

During the measurement, the detector and the X-ray source are fixed at certain angle, 

which receive the X-ray signal in  2 scan. Then, the sample is rocked about   

axis. The strong diffraction peak only appears when a particular crystal is aligned at 

the angle matching Bragg‟s Law. The full width at half maximum (FWHM) is a 

typical unit for the determination of the film quality as shown in Figure 3.5.  
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Figure 3.5: Schematic diagram showing the FWHM of rocking curve scans 

(a) Better film quality and (b) Poor film quality. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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3.1.1.3 High Resolution X-ray Diffraction 

 

For the GaN thin film grown by MOCVD, normally the FWHM in the 

rocking curve scan is very narrow, which exceeds the instrumentation limit. 

Therefore, high resolution X-ray diffraction (HRXRD) is required for the 

measurement of high quality single crystal such as GaN-based materials. However, 

the X-ray beam cannot be narrowed by conventional optical elements. Bragg‟s 

diffraction from crystal is the only way to diverge the X-ray beam. The principle of 

the HRXRD is introduced four single crystal mirrors with gobel mirrors in front of 

the X-ray source, only the X-ray beam with selected wavelength can pass through the 

single crystal mirrors.  Eventually, a high intensity X-ray beam with divergence 

down to 0.05 degrees can be used for the high resolution measurement. A schematic 

diagram of the setup of gobel mirrors is shown in Figure 3.6. 

 

 

Figure 3.6: Schematic diagram of the setup of gobel mirrors. 
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3.1.2 Experimental details 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Experimental setup for the HRXRD measurement. 

 

 A high resolution Bruker D8 X-ray diffractometer equipped with a four 

bounce (2 2 0) monochromator and four circle translational capability was used for 

the HRXRD measurement (Figure 3.7). The precise measurement of the a- and c-

lattice parameters was accomplished using CuKa1 radiation with 0.1 mm slits. The 

X-ray beam can be produced by accelerating a high energy electron beam towards a 

metal anode. Then, high intensity X-ray beam with very narrow beam divergence is 

obtained by the beam selection inside the four bounce gobel mirrors. The specimen is 

mounted on a vacuum sample holder which can rotate along 3 axes.  Details of 

alignment and correction procedures were reported in reference [110]. 

 

 

 

 



 

 53 

4.2 TRANSMISSION ELECTRON MICROSCOPY 

 

3.2.1 Basic Principle  

 

 The transmission electron microscopy (TEM) is one of the important 

analytical instruments, which uses electrons instead of optics for the imaging of 

objects, for the investigation of the crystal structure of the materials with a resolution 

in the order of 1Å . This technique not only provides dislocation analysis but also the 

chemical composition information. This instrument consists of an electro-magnetic 

lens furnished with an electron source, which operates typically between 100kV and 

400kV. A monochromatic electron beam is accelerated and converged by 

electromagnetic lenses and apertures by varying the currents. Finally, the electrons 

pass through the thin downed sample and the image is projected to a moveable 

fluorescent screen.  

 In this section, the sample preparation of TEM and the methods of the 

formation of the TEM images including conventional image formation and selected 

area electron diffraction will be discussed. A schematic representation of a TEM 

system is shown in Figure 3.8. 
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Figure 3.8: Schematic representation of a TEM system. 
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3.2.1.1 Sample Preparation 

 

 The TEM specimen preparation is very important especially for studying the 

cross-sectional images of the devices. Basically, there are four general steps (Figure 

3.9) for the production of the TEM specimens including: 

 

1. Initial preparation: The material is bonding by G1 epoxy in between two Si 

wafers and ground to about 500μm. 

2. Disc grinding: The specimen is polishing and thinning down to 70μm. 

3. Dimpling: The specimen is then dimpling to about 5μm before ion milling. 

4. Ion milling: Finally, the specimen is milled by argon ion beam at certain 

incident angle and energy in order to obtain a clean and non-destroyed thin 

surface. Figure 3.10 indicated that the higher the argon gun voltage, the 

higher the milling rate of specimen. However, defects are introduced into the 

specimen if the milling energy is too high.  It is shown in Figure 3.11 that the 

incident angle is a critical factor, which highly affects the milling rate of the 

samples. The selection of the incident angle depends on the material 

properties such as hardness of the materials. 

 

Figure 3.9: General steps of TEM specimen preparation [111]. 
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Figure 3.10: Relationship between milling rate and argon gun voltage [111]. 

 

 

Figure 3.11: Relationship between argon gun current and beam angle [111]. 
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3.2.1.2 Bright and Dark Field Image 

 

 A typical image formation method of TEM is called conventional (diffraction 

contract) microscopy which is represented in Figure 3.12. Diffraction contrast 

change from place to place inside the specimen. Regions of dark contrast represent a 

large number of electrons which were diffracted by the specimen. On the other hand, 

regions of bright contrast imply most electrons can pass through the specimen. This 

is called bright field image. By applying the objective aperture to allow the diffracted 

electrons passing through the objective aperture is called dark field image.  Normally, 

dark field images can be used for observation of the special crystalline orientation 

and defect analysis. 

 

  

Figure 3.12: Schematic diagram of diffraction contrast microscopy of TEM. 
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3.2.1.3 High Resolution TEM 

 

High resolution (HR) TEM is a totally different image formation technique 

when comparing with the conventional diffraction contrast microscopy. Its image 

consists of diffracted electron‟s interference, where the electron beam transmitted by 

the specimen shown in Figure 3.13. 

 

 In order to receive a high spatial resolution for the TEM, an extremely short 

accelerated electron wavelength is used to form the high resolution image according 

to the following formula: 

 

)sin2/(  nd          (3.3) 

 

where d is the spatial resolution,   is the wavelength and n is the refractive index 

(n=1 inside the TEM chamber). 

 

Figure 3.13: Schematic diagram of image formation of HRTEM. 
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3.2.1.4 Selected Area Electron Diffraction  

 

Selected area electron diffraction (SAD) is a diffraction technique that allows 

the diffracted elastic electrons to be focused into the diffraction spots, which is the 

transformation of real space to reciprocal space. This technique is commonly used 

for identification of the localized crystal structure by varying the area of aperture. A 

typical SAD image of hexagonal closed packed (hcp) crystal is recorded in Figure 

3.14. The SAD image is a useful technique to analyze and locate the defects during 

the angle tilting with the use of Kikuchi lines. 

 

Figure 3.14:  Typical SAD image of hcp crystal in different orientation. 
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3.1.2 Experimental details 

 

A HRTEM operated at 200kV with nano-beam energy dispersive spectroscopy was 

employed to study the GaN-based LEDs. In this experiment, cross-sectional LED‟s 

specimens were prepared by standard preparation steps including polishing by 

diamond papers and dimpling to 50μm. Finally, the specimens, which were protected 

by G1 epoxy, were milled using 5 keV ion gun in argon with incident angle of 10 

degree followed by 5 minutes low-angle milling until electron transparency was 

achieved. 

Standard bright and dark field imaging was used to observe the effect of 

different growth rates in MQWs of LEDs before and after high current stressing. The 

defects introduced during the stressing were investigated using high resolution TEM 

images with SAD.  

 On the other hand, the structure and defect analysis for conventional GaN 

thin films, ELOG and facet-controlled ELOG thin films were explored.  
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4.3 Photoluminescence and Electroluminescence 

 

3.3.1 Basic Principle  

 

 Luminescence is the phenomenon, in which the electronic states of the 

materials are excited by some external energy and the excitation energy is finally 

released radiatively and/or non-radiatively. Photoluminescence (PL) and 

electroluminescence (EL) is a process that the materials absorb the electromagnetic 

radiation and electrical energy typical from E-field followed by relaxing photons 

and/or others form of energy.  

 The PL is basically separated into two major types, namely intrinsic and 

extrinsic PL which was already discussed in Chapter 2. The PL characterization is 

one of the helpful non-destructive techniques to receive the fundamental information 

for the film growth of MOCVD. From the analysis of the PL measurement, the 

material properties such as impurities, defect levels and excitation intensity can be 

obtained. A laser or other monochromatic instrument is used as the light source for 

illumination of the specimen, which generate electron-hole pairs. Thus, they release 

energy by either radiative and/or non-radiative recombination depending [112]. A 

typical band diagram and PL spectrum of the direct band gap semiconductors is 

shown in Figure 3.15.  

 The EL is typically divided into two types; known as injection and high field 

EL. For the former one, the light is emitted due to the recombination of minority and 

majority carriers across the band gap of the materials. The latter consists of 

excitation of luminescence centers by the majority carriers under the strong E-field.  



 

 62 

The EL measurement can be used for the optical properties such as the emission 

wavelength and light intensity of the LED device. Moreover, the spontaneous 

polarization effect can be observed using the EL measurement with increasing the 

injection current for the GaN-based LEDs grown on [0001] sapphire. Normally, it is 

difficult to locate the yellow band emission due to the high intensity of the emission 

peak. Thus, the quality of the LED device can be compared by the FWHM and 

intensity of the emission peak. Moreover, the EL measurement may be employed for 

estimating the lifetime of LED devices under the high current stress.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Schematic diagram of direct semiconductor: (a) Energy band diagram 

and (b) PL spectrum.  
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3.3.2 Experimental details 

 

 

Figure 3.16: Schematic diagram of the setup of PL and EL (blue circle). 

 

 For the PL measurement, a 15 mW Omnichrome Helium-Cadmium laser with 

wavelength of 325 nm was employed as an excitation light source. The emitted 

photons from the specimen, which was mounted on a holder, and scanned by an 

Oriel 118m monochromator and Hamamatsu R928 photomultiplier tube (PMT). 

Then, the electrical signal form the PMT was analyzed with the reference signal from 

Stanford Research SR830 lock-in amplifier in order to obtain a low noise spectrum. 

A schematic diagram of the PL setup was presented in Figure 3.16. The excitation 

energy source of the LED devices for the EL measurement (inside blue circle in 

Figure 3.16) is a DC power supply instead of laser source. 
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4.4 Low-frequency Noise Measurements 

 

3.4.1 Basic Principle  

 

 Noise in semiconductors is analyzed by its statistical function. An important 

statistical  function for noise study is the power spectral density, which for a 

random variable  )(tx  is defined as [113, 114]: 
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  The power spectral density has the unit of [ x ]
2
/Hz which represents the 

average power per bandwidth )(tx . 

 For theoretical analysis of noise, the autocorrelation function indicating the 

memory of the stochastic process is normally involved and is represented as: 
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where the triangular brackets denote the ensemble average.  If the assumption of 

ergodicity holds, the ensemble average is replaced with a time average and the noise 

processes under investigation are said to be ergodic.   

The autocorrelation function is connected to the power spectral density 

through the Wiener-Khintchine theorem: 

 







0
)2cos()(4)2exp()(2)( fttdtftitdtfS

xxX
     (3.7) 

 

A factor of two is incorporated in the Fourier integrals because the frequency 

is limited to the positive values. 

 Noise in semiconductors can be categorized into four different types [115] 

according to the form of the spectral density and the physical origin as following: 

 

1. Thermal noise: It also called Johnson noise, in which arises from the thermal 

agitation of carriers, leading to velocity fluctuations. At thermal equilibrium 

condition, the thermal noise is displayed by Nyquist‟s formula, TRkS
BV

4 , 

where R is the resistance.  

2. Shot noise: The formation of shot noise is because of the random transition of 

carriers through the device. For insignificant short transition time, the power 

spectral density of the shot noise is presented by, eIS
I

2 , where I  is the 

current. 

3. Generation-recombination (G-R) noise: It generated from the trap related 

capture and emission processes of free carries, causing fluctuations in the 
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local carrier density and mobility. The power spectral density of G-R 

noise is in the form of a Lorentzian function. 

4. Flicker noise: It is also named f/1  noise, in which is represented by a 

power law spectrum,
fS /1 , where   1.   

In this thesis, more detailed discussion on the G-R and f/1  noise will be 

discussed in the following section.  

  

3.4.1.1 G-R Noise Trapping Kinetics 

 

 G-R noise originates from the capture and emission of carriers (electrons or 

holes) by traps in the semiconductors [116-121]. The power spectrum of  G-R noise 

is Lorentzian, )/( 22
fff

cc
 , where 

c
f  is the corner frequency. The  corner 

frequency separates the spectrum into two distinct regions: a plateau region for 

f  < 
c

f  and a roll-off region for f  >
c

f . 

 The traps are usually referred to as the localized states in semiconductors, in 

which can capture free electrons or holes from the conduction or valence and 

releasing them. Thus, the perturbation in the carrier concentration and in the flow of 

current was caused. Possible candidates of traps include shallow  and deep levels 

of donors and acceptors, unintentional impurities in semiconductors,  structural 

defects at crystal surfaces and grain boundaries, threading dislocations,  etc.  

 Every trap level interacts with the conduction and valence band under the 

following four processes: (a) the capture of electrons from the conduction band,  (b) 

the emission of electrons to the conduction band, (c) the capture of holes 

from  the valence band, and (d) the emission of holes to the valence band.  A 
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schematic diagram of the different types of transition including the trap level is 

shown in Figure 3.17 [122]. 

 

 

 

Figure 3.17: Schematic diagram of the transition mechanism of occupied traps. 

 

 For the transitions between the conduction band (Ec) and the trap level (ET ) 

[123]:    
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where 
n

e is the electron emission coefficient in s
-1
, 

n
c  is the electron capture 

coefficient  in cm
-3

s
-1

, n is the electron density, 
T

N  is the density of traps (both filled 

and empty)  in cm
-3
, and 

T
n  is the density of filled traps in cm

-3
. Similarly, the holes 

captured  and emission rates are given by [123]: 

 

)(
TTpp

nNeg           (3.10)  

Tpp
pncr           (3.11) 

 

where 
p

e  is the hole emission coefficient in s
-1
, 

p
c is the hole capture coefficient 

in  cm
-3

s
-1
, and p is the hole density in cm

-3
.  

 All four capture and emission processes contribute to fluctuations in 
T

n , 

giving a net rate of change in  
T

n  as follows [123]: 

 

ppnn

T grgr
dt

dn
        (3.12) 

 

At equilibrium, the net rate of change in 
T

n  is zero, therefore: 

 

0
ppnn

grgr        (3.13) 

 

In addition, the net rate of accumulation of electrons and holes are both zero 

in the steady state, thus giving the conditions of detailed balance  
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where the subscripts o  denote quantities at equilibrium. The emission coefficients in 

terms of the capture coefficients are then given by  
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where 
TTT

Nnf
o
/  is the fraction of traps that are filled and is given by the Fermi-

Dirac distribution function: 
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where 
T

E is the trap energy level, 
F

E  is the Fermi level and g  is the trap 

degeneracy  factor.  In an n-type semiconductor, 
T

n  deviates from its equilibrium 

value 
oT

n  by an amount 
T

n  by capturing free electrons in the conduction band, i.e. 

TTT
nnn

o
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To
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For small deviation of 
T

n  from its equilibrium value 
oT

n , the rate at which 

T
n  relaxes to 

oT
n is 

dt

nd

dt

dn
TT
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where 
T
  is the relaxation time given by [123]: 

])[(

1

soTTn

T
nnnNc

o


            (3.24) 

)exp(
Tk

EE
gnn

B

FT

os


        (3.25) 

  According to the above two equations, the kinetics of electron trapping is 

fully described by  four trap parameters: 
n

c , 
T

N , g  and 
S

n , in addition to the 

equilibrium electron  concentration.  

  In the case of G-R noise due to electron transitions between the 

conduction band  and a single trap level, the random variable for electron trapping 

is the number of free electrons, )(tN . Considering fluctuations of )(tI  and 

)(tN  about their steady  state values 
o

I  and 
o

N , the power spectrum of )(tI is 

proportional to the power  spectrum of )(tN  [123]: 
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 For electron transitions between the conduction band and a single trap 

level, the  autocorrelation function )(t
N

  can be shown to be: 

)exp()( 2

T

N

t
Nt





       (3.28) 

where 
T
  is the relaxation time.  Fourier transformation of )(t

N
 gives the power 

spectral density using Wiener-Khintchine theorem [124]: 
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Substituting Eq. 3.29 into Eq. 3.27, gives the power spectrum of current 

fluctuations 
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    (3.31) 

 

which is a Lorentzian with a corner frequency 
Tc

f 2/1  and   is the active 

volume  in cm
3
.  The spectral shape or the frequency dependence of )( fS

I
 is 

determined by  the Lorentzian factor, )41/(
222

TT
f   , which is solely dependent 

upon the trapping  kinetics. In addition to the trapping kinetics, the modulation 

mechanism whereby the filling  and emptying of traps cause the device current to 

fluctuate. 

Flicker noise presents one of the most interesting phenomena in physical 

systems.  A number of theories have appeared in explaining 1/f noise in solid-state 
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materials including the Hooge's model, quantum 1/f noise theories, superposition of 

Lorentzians,  the McWhorter model, and the thermal activation model.   

 

3.4.1.2 Thermal activation model for 1 / f 

 noise 

 

From the discussions in the previous section, it is observed that the power 

spectral density is in a Lorentzian form for traps occupying a single energy level.  

According to the thermal activation model for 1/f noise, if the localized states are 

widely distributed in energy, the total noise power spectral density is simply the 

summation of the individual Lorentzians, provided that the traps are statistically 

independent of each other in terms of the capture and emission processes.  The total 

noise power spectral density of the occupancy of the traps is given by the expression 

[123]: 
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      (3.32) 

in which the capture and emission processes are characterized by the capture and 

emission time constants denoted by 
e

  and 
c

  respectively.  An overall time constant,

 , is related to 
e

  and 
c

  by the expression: 
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where 
0

 is taken as the inverse phonon frequency, E is the activation energy of the 

trap, and 
B

k is the Boltzmann constant.  For a uniform distribution of 


E , 
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o
DED )(


 would give an exact f/1 spectrum within lower and upper frequency 

limits, provided the Lorentzian prefactor, A , remained a constant over 


E : 
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where 
1
 and 

2
  were the upper and lower limits of 

T
 respectively. 

It has been reported by Dutta and Horn [125, 126] that the temperature 

dependence of 
f/1 noise in metallic films can be successfully accounted for by the 

thermal activation model.  The model has been used to explain the observed flicker 

noise in semiconductor devices arising from the capture and emission of carriers by 

traps within the material.  Therefore, traps at different energy levels give rise to 

different values of . It is shown in Eq. 3.35 that a noise power spectral density is of 

the form 
f/1 , where  roughly equals one.  A careful examination of the 

Lorentzian equation shows that for a fixed frequency, f , and temperature, T, the 

Lorentzian peaks sharply at 
p

E , where 
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This implies that within a narrow frequency and temperature window, the 

flicker noise is an effective tool for probing traps with different activation energies.  

At a given temperature and frequency, and for a smoothly varying )(


ED  around

p
E , Eq. 3.35 can be integrated by approximating )()(

P
EDED 


: 
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From Eq. 3.37, one can express the trap distribution in terms of )( fS
I

: 
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It is evident from Eq. 3.37 that the shape of )(ED  directly affects the magnitude 

and the spectral form of fluctuations.  Varying both f and T while keeping  
P

E  

unchanged, Dutta et al. [125, 126] derived, from Eq. 3.36 and 3.38, the 

temperature  dependence of the spectral density as:  
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The Dutta-Horn relation provides a self-consistency test for the thermal 

activation model. 
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3.4.1.3 McWhorter‟s model for 1 / f 

 noise 

 

 f/1  noise in metal-oxide-semiconductor (MOS) systems,  according to 

McWhorter [127], originates from carrier trapping by localized states in  the oxide in 

the form of number fluctuations.  The kinetic rates of the oxide traps  differ from 

those of semiconductor bulk traps in that the oxide traps are spatially  separated from 

the carriers.  In this model, trapping and de-trapping of carriers take  place via 

tunneling.  The power spectrum for fluctuations in the trap occupancy in  an 

elemental volume zyx   is [128]: 
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where ),( zEN
TT

 is the density of traps in cm
-3

eV
-1

 and   
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in which the exponential factor z is the tunneling probability, where  is the WKB 

parameter and z  is the distance of the trap from the semiconductor surface.  The 

Fermi factor )1(
TT

ff   in Eq. 3.40, as a function of the trap energy 
T

E , peaks 

sharply at 
FT

EE  .  Therefore, only traps with energies within a few Tk
B

from the 

Fermi level contribute to number fluctuations. 



 

 76 

3.4.2.4 Hooge‟s model for 1 / f noise 

 

 ased on experimental studies of low-frequency noise in gold films  and a 

number of semiconductor samples, Hooge et al. [129-131] proposed a formula of 

f/1 noise as:  

 

NfI

fS
HI




2

)(
         

 

where )( fS
I

 is the current noise power spectral density, I  is the DC current 

through the device, N  is the number of free carriers in a  homogeneous sample and 

H
  is a dimensionless constant, commonly known as the Hooge parameter, with a 

given value of 2 x 10
-3

.  The N  dependence of 
I

S  in Eq. 3.42 implies that the noise 

is caused by independent fluctuations associated with each carrier, and is thus a bulk 

effect.  Despite the wide use of the Hooge equation and its limited success in 

explaining experimental data, critics of the model rejected Hooge's formula  and 

its interpretation on the following grounds: (a) While the Hooge equation 

is  consistent with noise data taken on a number of metals and semiconductors, 

samples  with measured values of 
H

 orders of magnitude different from 2 x 10
-3

 

have also  been reported, casting doubt that a universal formula is applicable; (b) 

Studies on  devices such as the MOSFET gave extensive evidence for a surface 

effect, as opposed  to a bulk effect, phenomenon; (c) The spectral slopes (in 

logarithmic scales) often  are not exactly -1, as is required by Eq. 3.42, but range 

from -0.8 to -1.4. 

(3.42) 
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3.4.2.5 Quantum 1 / f noise model  

 

 This model is suggested by Handel and attributes f/1 noise to mobility 

fluctuations arising from the interaction of scattered carriers with the 

electromagnetic field, which in turn modulates the scattering process [135,136].  

It is suggested that fluctuations originating from quantum mechanical processes 

are fundamental and should exist in all electron devices [134].  Values of Hooge 

parameter for quantum f/1 noise are of the order 10
-8

 to 10
-9

 for processes not 

involving inter valley scattering, and of the order 10
-5

 to 10
-8

 when inter valley 

scattering processes are involved.  There has been much debate on the validity of 

the quantum f/1 noise model and experimental support for the model has been 

inconclusive.  Like Hooge's model, Handel's theories are  applicable only to cases 

where the noise exhibits a strictly f/1 spectra, i.e. with a  slope of -1 [135].  In 

fact, most semiconductor materials and devices exhibit a low-frequency noise 

power spectral density of the form 
f/1  where   a deviate from 1 and the 

abundant amount of such data is clearly indicated in many samples [136-138]. 

Quantum f/1  values are overwhelmed by fluctuations of different origins.     

 



 

 78 

3.4.2 Experimental details 

 

 

 

 

 

 

 

 

 

  

Figure 3.18: Schematic diagram of the low-frequency noise measurement. 

 

Low-frequency noise measurement was performed over a wide range of 

temperature for the comparison of the lifetime of the LED devices under different 

MQWs growth conditions. The experimental setup is shown in Figure 3.18. During 

the experiment, the temperature inside the cryostat, which could be cooled down to 

77 K using liquefied nitrogen, was controlled by a Lakeshore 91C temperature 

controller. An all passive RLC filter was used to filter the Lakeshore 91C current 

supply to the heater. In order to reduce the extraneous noise, all the instruments 

including the cryostat, biasing circuit and a low-noise preamplifier were placed 

inside a shielded room. Finally, the noise power spectral density was measurement 

using an HP3561A dynamic signal analyzer. 
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4.5 High Resolution Thermal Imaging 

 

3.5.1 Basic Principle  

 

 Thermal characterization technique of the LED devices is important because 

the power density dissipated as heat increased rapidly especially for the high 

brightness LED devices. Therefore, the thermal issue is a barrier for future 

development of LED devices as the general lighting source. In order to study the 

thermal effect during the operation of the LED devices, a thermo-reflectance imaging 

technique is introduced. This measurement technique is a non-contact optical 

measurement, which can monitor the temperature variation of the LED devices by 

correlating with a temperature induced optical reflectivity fluctuation.  

 

3.5.1.1 Reflectivity in Semiconductors  

 

Theoretically, the variation of the reflectivity is normally due to bandgap shrinkage 

with the increasing temperature in semiconductors. The lattice constant varies with 

the temperature and it affects the scattering between electrons and phonons. The 

electron-phonon scattering rate is represented by the Fermi golden rule. Varshni 

equation is commonly used for an empirical fit for the relationship between band gap 

and temperature [139, 140]. In the semiconductors, the change of the refractive index 

(n) as a function of band gap energy (Eg) is described by Moss rule [141]: 

 

gEn 4
   is constant        (3.43) 
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Assuming no absorption, the reflectivity (R) with the normal incident light is: 
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R           (3.44) 

 

 The refractive index of the material surface can be changed with the 

temperature (T) and carrier density (N). In semiconductors, the relationship of 

refractive index and temperature (
dT

dn
) is positive; refractive index and carrier 

density (
dN

dn
) is negative respectively [142, 143]. The relationship between the 

change in the reflectivity ( R ) and the refractive index ( n ) is presented by: 

 

n
n

n
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        (3.45) 

 

 The relationship between change in reflectivity and temperature ( T ) is 

normally approximated to be linear over small ranges of change in temperature and 

can be given by thermo-reflectance equation: 

 

R

R
T


 1           (3.46) 

 

where RR /  is the normalized variation in the reflectivity, which is the thermo-

reflectance signal, and 1  is the thermo-reflectance coefficient. The value of this 

coefficient is dependent of the material properties and illuminating wavelength, with 

typical value from 310  to 610 . 



 

 81 

3.5.1.2 Detection of Thermoreflectance Signal 

 

The thermoreflectance can be divided into two main types: 

 

1. DC or quasi-steady thermoreflectance: The detector of this method is a CCD 

camera, which is very useful for generating 2D temperature profiles. This 

technique was applied for monitoring the temperature variation of 

optoelectronic devices such as vertical cavity surface emitting laser and 

integrated circuit [143-147]. 

2. Transient thermoreflectance: It is performed as a pump-probe measurement 

with a pico second pulsed source and a fast detector, which is normally used 

for the characterization of the thermophysical properties of the materials such 

as thermal conductivity [147], thermal diffusivity [148] and electron-phonon 

coupling [149]. However, this measurement technique is a single point 

measurement because of the limitations of CCD frame rates and restriction of 

high scanning speed.  

 

In this thesis, the calculation of the thermoreflectance signal ( RR / ) from CCD 

camera will be discussed [150-151]. From Figure 3.19, the bias signal (blue) sent to 

the device in the form of an applied sinusoidal current ( 1f ) are correlated with the 

reflectance signal captured (red) by the CCD camera. During the experiment, a frame 

trigger signal is sent to the camera (green), which is phase locked to the device at 4

1f . Therefore, four images are taken by the camera during each sinusoidal signal.  

The reflectivity of the device can be given by [150-151]: 
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)),(2cos(),,(),,( 10 yxtftyxRtyxRR       (3.47) 

 

where R0 - ΔR is the reflectivity when the device is off (current = 0) and R + ΔR is 

the reflectivity when the device is on (current = I). Θ is the phase difference between 

the device bias signal and reflectivity signal due to the thermal relaxation time 

constant, which is dependent on the thermal conductivity, specific heat capacity and 

density of the materials. The observed signal by the CCD camera (S) can be 

represented by multiplying the optical flux (Φ) from the light source with the 

reflectivity of the device surface: 

 

)),(2cos(),,(),,(),,( 10 yxtftyxRtyxRtyxS      (3.48) 

 

 Now, the thermoreflectance signal ( RR / ) can be studied by a four images 

captured by the CCD during each bias period (T). The signals for the four images 

being over nearly one quarter of the bias period are: 
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Using Equations 3.49 to 3.52, the temperature difference between the device on and 

off is given by: 
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and the phase difference the device bias signal and reflectance signal is: 
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        (3.54) 

 

 

Figure 3.19: Schematic diagram of the thermoreflectance signal detection of the 

CCD camera [152]. 
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3.5.2 Experimental Details  

 

 

Figure 3.20: Schematic diagram of the experimental setup of the high resolution 

thermal imaging.   

 

 The experimental setup of the CCD-based thermo-reflectance is shown in 

Figure 3.20. A Opteon 12-bit CCD camera, which was connected to a workstation 

computer with a NxN PCI-X card for fast data transfer, is used for image capture. A 

reliable Xeon lamp is used for the illumination to eliminate the uncertainty of the 

light source signal. An external rectangular heat sink is connected to the LED 

devices for the prevention of optical flux variation due to heating. During the 

experiment, in order to reduce the readout noise of the CCD camera, the reflectance 

signal was averaged over 10000 periods. A long pass filter was installed between the 

LED device and the objective to percolate the emitted light from the LED device. 

The temperature profile images were formed by using the device bias signal and 

reflectance signal. The spatial resolution for this experiment is around 500 nm with 

temperature resolution of 10 mK.  
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4.0 EXPERIMENTAL RESULTS 

 

4.1 Optimization of Growth Temperature, III-V Ratio and 

Pressure of C-plane LEDs  

 

As mentioned in the previous chapter, MOCVD is a thin film growth 

technique that facilitates the flow of gaseous precursors into the reactor chamber 

followed by the chemical reactions between decomposed precursors and ammonia 

gas (Equation 2.1). In this section, the experimental results will be presented with 

short comments; detailed discussions of the results will be further explored in 

Chapter 5.  

 

4.1.1 The Polar C-plane LED Growth on Sapphire  

 

 Type A devices Type B devices 

InGaN well (3nm) TMG = 10.56 µmol/min 

TMI = 19.39 µmol/min 

(0.055 nm/sec) 

TMI / (TMI + TMG) = 64.7% 

TMG = 3.52 µmol/min 

TMI = 13.96 µmol/min 

(0.018 nm/sec) 

TMI / (TMI + TMG) = 79.9% 

GaN barrier (8nm) 27.54 µmol/min (0.12 nm/sec) 27.54 µmol/min (0.12 nm/sec) 

 

Table 4.1: Growth conditions of the MQWs for the type A and type B devices. 
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In this thesis, the GaN-based thin films and LED thin films, which were 

grown with two selected MQWs growth conditions, as presented in Table 4.1. A 

schematic diagram of the structure of the LED devices with the growth rate for each 

individual layer is shown in Figure 4.1. 

 

Figure 4.1: Schematic diagram of polar GaN-based LED thin film by MOCVD. 

 

Typical in-situ reflectance plots recorded during growth for both type A and 

type B devices are shown in Figure 4.2a and 4.2b. Firstly, the substrate was annealed 

at 1050
o
C in NH3 gas for nitridation (Region 1 in Figure 4.2). The GaN-based LED 

structure consists of 30 nm low temperature GaN nucleation layer (Region 2 in 

Figure 4.2) deposited at 520
o
C, followed by 100 nm undoped GaN buffer layer 

(Region 3 in Figure 4.2) grown at an elevated temperature of 1035
o
C.  The reactor 

pressures used for the growth of nucleation and buffer layers were 500 and 200 Torr, 

respectively. The liquid DTBSi was used as the Si dopant source for the growth of n-

type GaN thin film (Region 4 in Figure 4.2) to replace the conventional gaseous Si 

sources such as SiH4 [153] or disilane Si2H6 [154]. The active region was composed 

of 5-period InGaN/GaN MQW (Region 5 in Figure 4.2), which the TMGa was used 

as the precursor for the growth of GaN barrier layer at 850℃. TMGa and TMI were 

LT GaN nucleation layer: 30 nm (0.025 nm/sec) 

undoped GaN buffer layer: 100 nm (0.025 μm/hr) 

n-type GaN layer: 2 μm (2.1 μm/hr) 

InGaN/GaN MQWs: 3/8 nm 

p-type GaN layer: 150 nm (1.1 μm/hr) 
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used as the precursors for the growth of the well layer. The InGaN quantum well of 

the type A devices were grown at a relatively high growth rates compared to that of 

the type B devices. The growth time of the InGaN layer was adjusted accordingly to 

maintain the same quantum well thickness for both type devices. Finally, 150nm 

thick p-GaN was grown at 1010
o
C (Region 6 in Figure 4.2).  

From Figure 4.2, the reflectance intensity reached its minimum after around 

3000 seconds of growth of the high temperature undoped GaN. It indicated that a 

rough surface which was attributed to larger islands grown in the early stage of 

growth. Larger island (Lower island density) is required for a lower crystalline defect 

epilayer when the islands coalesce [155]. A sufficient transition growth time was 

needed for the transformation of 3D to 2D growth because of the rough surface of the 

initial growth stage. Then, the large reflectance oscillation amplitude and no 

amplitude damping indicates a quasi-2D growth mode which was maintained during 

the growth of 2 μ m n-type GaN.  The 5-period MQWs of different growth 

conditions (type A and type B devices) were grown. Finally, the 150 nm thick p-type 

GaN were deposited with no significant thickness non-uniformity. The qualities of 

GaN-based LED thin films were investigated by Hall, HRXRD, PL, TEM and AFM 

measurements respectively in order to obtain high quality GaN-based thin films 

before the fabrication of the LED devices. 

 The GaN-based LEDs with different MQWs growth conditions (type A and 

type B) were fabricated by the conventional LED fabrication techniques.  First, ex-

situ heat treatment by rapid thermal annealing at 800
o
C for 30 mins in N2 was 

performed to activate the p-type dopants. Then, a high transmittance Ni/Au 

(5nm/5nm) and Ti/Al (10nm/10nm) layers were deposited using E-beam deposition 

technique for the formation of the p- and n-type ohmic contacts with contact post 
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annealing at 550
o
C for 15 mins in O2 and 280

o
C for 15 mins in N2 respectively. 

Around 1 μ m bonding pads with dimensions of 100μ m x 100μ m were fabricated 

on the p- and n-contact for the electrical connection. After the standard fabrication 

technique, the optical properties of the GaN-based LED devices were characterized 

by EL and optical power before and after the DC current stressing. The electrical 

properties were studied by I-V and low-frequency noise measurement during the 

stressing.  

The dislocation density and type of defects were examined by TEM and 

AFM. Moreover, the temperature profiles of the LED devices during operation were 

described by the high resolution thermal imaging technique before and after the high 

current stressing. 
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Figure 4.2: Typical in-situ reflectance spectrum of MOCVD grown LED thin films: 

(a) Type A devices and (b) Type B devices. 

 

 

(a) 

(b) 

R1 R2 R3 R4 R5 R6 

R1 R2 R3 R4 R5 R6 
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4.1.1.1 Hall Measurement 

 

 A Bio-Rad HL 5500 Hall-effect system was used for the identification of 

carrier concentration and mobility of the GaN thin films. The Si-doping 

characteristics for GaN thin film were studied by varying the flow rate ratio of 

DTBSi to TMGa. The results indicated that the carrier concentration could be varied 

from around 
17101  cm

-3
 to 

18105  cm
-3

 by adjusting the flow rate of DTBSi with a 

slope of unity as shown in Figure 4.3. The electron mobility of 554 cm
2
V

-1
s

-1
 at room 

temperature was obtained for electron concentrations in the low 
1710  cm

-3
 range in 

Figure 4.4 [156]. In addition, the carrier concentration and mobility could be reliably 

repeated with fluctuations ranging from 5.60 to 
171097.5   cm

-3
 and from 466 to 467 

cm
2
V

-1
s

-1
 under the same growth conditions. 

These values of electron mobility are equal to or greater than the values 

obtained by other research groups using siliane [157] and disilane [158] Si doping 

sources. Therefore, using DTBSi as a Si-doping source can achieve a high quality 

GaN thin film with respect to the electronic behavior.   
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Figure 4.3: Carrier concentration of Si-doped GaN as a function of DTBSi/TMGa 

flow rate ratio at 300k. 

 

 

Figure 4.4: Carrier mobility of Si-doped GaN as a function of DTBSi/TMGa flow 

rate ratio at 300k. 
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4.1.1.2 Photoluminescence  

 

In order to receive optimal MOCVD growth conditions for the GaN thin 

films, room temperature PL measurements are for determining film quality. 

Systematic studies of the GaN growth times, temperatures, rates and III-V ratios of 

the well were investigated by the PL measurement. Figure 4.5 shows that the room 

temperature measurement of the MQWs thin films with different well thicknesses 

can be varied by the growth time of the well. The PL peaks of the MQWs could be 

varied from 444 nm to 519 nm by doubling the growth time of the well.  

 

Figure 4.5: Room temperature PL measurement of the GaN MQWs thin films with 

different well thickness. 
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 The room temperature PL measurement of the GaN LEDs thin films with 

different growth temperature of the well is shown in Figure 4.6. All samples were 

grown under the same conditions, with the exception of the well temperature 

variation which was between 700℃ to 730℃. The band-edge emissions were 

modified from about 410nm to 460nm. In addition, the FWHM of the band-edge 

luminescence was found to increase steadily from 20.99 nm to 31.83 nm with 

decreasing growth temperature of the well.  

 

Figure 4.6: Room temperature PL measurement of the GaN LEDs thin films with 

different growth temperature of the well. 
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 The growth rate and In ratio of the well are critical parameters in respect to 

the quality of the GaN LEDs thin films. In order to optimize the growth rate and In 

ratio, a set of samples were used to study the film quality. Figure 4.7 shows that the 

room temperature PL measurement of GaN LED thin films with different growth 

rates and In ratios of the well. Different main peak to yellow band emission ratios 

could be obtained for different growth ratios of the well. A Detailed analysis will be 

shown in next chapter. 

 

Figure 4.7: Room temperature PL measurement of the GaN LEDs thin films with 

different growth rate of the well. 
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4.1.1.3 Atomic Force Microscopy 

 

 The surface smoothness is one of the important parameters to obtain a high 

quality MQW layer. The experimental results of AFM measurement on as-grown, n-

type GaN thin film (Figure 4.8) and the LED thin film with different MQW growth 

conditions (Figure 4.9 and 4.10) were conducted. All samples exhibited smooth 

surfaces with a root mean square roughness between 0.169 nm and 0.441 nm. Two 

types of dark spots were observed in the AFM images, namely large and small dark 

spots [159]. The darks spot of diameter approximately 55 nm were terminated at the 

growth step. This type of dark spot has either pure screw or mixed screw-edge 

character of threading dislocations. The small dark spots of diameter approximately 

30 nm correspond to pure edge dislocation and did not terminate at the step. It is 

difficult to discriminate the large dark from the small one in the AFM image. 

Therefore, the dark spot density (threading dislocation density) was counted 

regardless of its size and type, which is recorded as Table 4.2. The dislocation 

density was of the same order of magnitude or even lower density than those 

obtained from samples grown using silane [160]. Based on the experimental results 

of the AFM, it was indicated that the GaN thin films were grown layer by layer 

which was consistent with the in-situ reflectance result because reflectance amplitude 

damping at the latter stage of growth did not occur.  
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Figure 4.8:  AFM image of as-grown n-type GaN thin film. 

 

 

Figure 4.9: AFM image of as-grown LED thin film (type A devices). 
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Figure 4.10:  AFM image of as-grown LED thin film (type B devices). 

 

 As-grown n-type 

GaN thin film 

As-grown LED 

thin film (type A) 

As-grown LED 

thin film (type B) 

Dislocation density 8108.2   cm
-2

 
8109.8   cm

-2
 

9102.1   cm
-2

 

Root mean square roughness 0.169 nm 0.249 nm 0.441 nm 

 

Table 4.2: Dislocation density and root mean square roughness of the as-grown, n-

type GaN thin film and LED thin films with different growth conditions 

of MQWs layer. 
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4.1.1.4 High Resolution X-ray Diffraction 

 

 In this section, HRXRD was used to investigate the GaN-based thin films 

quality. A typical X-ray rocking curve of the MQWs is showed in Figure 4.11. The 

satellite peaks are well defined up to sixth order, which confirming that the interfaces 

between the InGaN and GaN are precisely delineated. The rocking curve and FWHM 

of the type A and type B devices are recorded in Figure 4.12 and Table 4.3.  

 

 

Figure 4.11: Typical X-ray rocking curve of the MQWs. 
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Figure 4.12: Rocking curves of type A (open square) and type B devices (solid 

circle). 

 

 As-grown n-type 

GaN thin film  

As-grown LED 

thin film (type A) 

As-grown LED 

thin film (type B) 

FWHM (Rocking curve in (0002)) 0.062 degree 0.071 degree 0.101 degree 

 

Table 4.3: FWHM of X-ray rocking curve of the GaN thin films. 
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4.1.1.5 Transmission Electron Microscopy 

 

 To obtain the information on the interfacial structures of GaN/sapphire thin 

film and understand the MOCVD growth mechanism of the GaN/InGaN MQWs 

layers, the TEM technique was used to investigate the structural properties of the 

GaN thin films. A typical cross-sectional BF TEM image on the GaN/sapphire thin 

films is shown in Figure 4.13a. From the Figure, threading dislocation (TD) and 

stacking fault were observed during the growth of the GaN thin film, which is a 

common feature for using sapphire as a substrate due to the lattice mismatch [161, 

162]. Typical TD densities of the GaN thin films were estimated to be around 

28102.4  cm  in the n-GaN bulk region and 
29109.5  cm  near the GaN/sapphire 

interface. A typical TD with an inverted pyramid micrograph is shown in Figure 

4.13b. The SAD patterns in Figure 4.13c demonstrate that the GaN thin film near the 

sapphire interface is a signal crystal with high crystalline quality. In order to further 

understand the interfacial region, a HRTEM image was used to analyze the type of 

dislocation. From Figure 4.14a, it is clearly shown that a nucleation layer of 

thickness is about 6 nm between the GaN and sapphire. The computed Fourier 

transformation diffractogram from the HRTEM image is demonstrated in Figure 

4.14b. The misfit dislocations including TD and stacking faults are attributed to the 

lattice mismatches between GaN and sapphire.   
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Figure 4.13: Typical TEM micrographs of the GaN/sapphire thin film showing (a) 

The BF of the interfacial region; (b) Typical TD and; (c) The SAD of 

the interfacial region. 

(a) 

(b) 

GaN 

Al2O3 

(c) 
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Figure 4.14: (a) Typical HRTEM image of the GaN/sapphire thin film and (b) Its 

FFT diffractogram. 
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 In order to realize a reliable high brightness LED, the growth of the InGaN 

layer is one of most important parameters to optimize. However, the growth of the 

InGaN alloys has proven to be difficult due to the large difference in inter-atomic 

spacing between GaN and InN. For the optimization of the MQWs, the TEM 

technique was employed to study its structural properties and defect structure. A 

typical HRTEM image and its FFT diffractogram are shown in Figure 4.15a and 

4.15b. It shows that the GaN/InGaN MQWs have clear interfaces between the well 

and barrier layers. The SAD pattern in Figure 4.15c demonstrates that the MQW 

layer is of high crystalline quality.  

 As mentioned previously, the device reliability is one of the important issues 

for the LEDs fabrication. Two types of devices with different well‟s growth rate are 

selected for the studies of device stability. Figure 4.16a shows that a cross sectional 

TEM BF image of a type A device which demonstrates very well defined and sharp 

interfaces between the InGaN and GaN layers, before the DC stressing test. Figure 

4.16b presents that In out diffusion exist for the type B devices during the growth of 

the MQWs before DC stressing test. After 24 hours high DC current stressing at 600 

A/cm
2
, there was no observational structural change was found in type A devices as 

indicated in Figure 4.16c. For the type B devices, it is clearly shown in Figure 4.16d 

that a threading dislocation has been developed originating from the MQWs and 

similar observation was made on a failed the type A device after 6 days of high 

current stressing as shown in Figure 4.16e. The TEM results will be compared with 

other characterization techniques and discussed in detail in the next chapter.  
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Figure 4.15: (a) Typical HRTEM image of the GaN/InGaN MQWs; (b) Its FFT 

diffractogram; and (c) Its SAD pattern. 

 

 

GaN 

GaN 

GaN 

InGaN 

InGaN 

GaN 

GaN 

GaN 

InGaN 

InGaN 

(a) 

(b) 

(c) 



 

 105 

      

      

 

Figure 4.16: TEM micrographs of (a) Type A device before DC current stressing; (b) 

Type B device before DC current stressing; (c) Type A device after 24 

hours high current stressing; (d) Type B device after 24 hours high 

current stressing; and (e) Type A device after 144 hours high current 

stressing.  

(a) (b) 

(c) (d) 

(e) 
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4.1.1.6  I-V and Noise Measurement 

 

 

Figure 4.17: Optical micrographs showing the structure of the GaN LED device. 

 

The optical micrograph of the LED is shown in Figure 4.17. The typical 

active area of the LED is around 225μm    190μm. A current-voltage (I-V) 

characteristic for both type A and type B devices before and after stressing is 

illustrated in Figure 4.18. Both types of devices exhibited increases in the device 

current both under forward and reverse bias subsequent to the high current stressing. 

The results reveal that the initial rate of increase in the reverse bias saturation current 

of the type B devices is larger than that of type A devices.  

 In order to compare the quality of the GaN LEDs for different growth 

conditions, low-frequency noise measurement was employed to study the trap 

densities of the devices.  
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Figure 4.18: I-V characteristics of the type A and type B devices before (A1 and B1); 

after 12 hours (A2 and B2) and after 24 hours (A3 and B3) DC stressing.  

 

Figure 4.19: Experimental data on SI(f) against stressing time for type A(triangle)  

and B (square) devices. 

 



 

 108 

 The experimental data on low-frequency noise measurements are shown in 

Figure 4.19. The current noise power spectra, SI(f), were found to increase as a 

function of ts.  From Figure 4.19 one observes that SI(f) can be roughly divided into 

two regions:  in region I (tS < 24 hours), devices demonstrate high rates of increase in 

SI(f) with tS; in region II (tS > 24 hours), the rates of increase in SI(f) are found to be 

substantially lower than in region I.  It is also observed that type B devices show 

close to two orders of magnitude increase in SI(f) in region I compared to about a six-

fold increase in SI(f) for type A devices in the same region. This stipulates close to 

two orders of magnitude increase in NTR(E) for device B in region I, whereas only 

about six folds of increase in NTR(E) is observed for the type A device over the same 

region.  In region II, both types of devices exhibit a much lower rate of increase in 

NTR(EP) than in region I. 

A plot of )( fSf I  for the type B device before and after DC stressing over 

a spectral window between 10 Hz and 50 KHz at different temperatures under the 

same biasing conditions at -2.25 V is shown in Figure 4.20. From the figure, the 

current noise power spectral density is found to consist flicker noise superimposed 

with a Lorentzian bump for the type B device, which is a characteristic of the GR-

process. The noise power spectral density of a GR noise is characterized by a 

Lorentzian of the formula ])2(1/[ 2

TTA   , where T  is the fluctuation time 

constant related to the fluctuation process given by )/exp(0 TkE BTT   , where TE  

is the thermal activation energy of the traps, which can be determined by the 

Arrhenius plot of T  as illustrated in Figure 4.21.   
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Figure 4.20: Plots for ffS I )(  of the type B device before (thin line) and after the 

stressing (thick line). 

 

Figure 4.21: Arrhenius plot of the fluctuation time constant ( T ) for the type B 

device before (open square) and after stressing (solid square).  
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4.1.1.7 Electroluminescence 

  

 Figure 4.22 illustrates a typical EL for the type A and type B devices before 

and after DC stressing under the same biasing conditions. The experimental data 

indicates that type A devices have a much stronger EL signal than the type B devices. 

In Figure 4.23, the normalized EL spectra for both types of devices at different 

stressing times were used to study the light output stability of the LED devices. From 

Figure 4.23, the light output of the type A device is reduced by 10% and 15% after 

12 and 24 hours stressing respectively. For the type B device, its light intensity has 

dropped 40% and 60% after 12 and 24 hours stressing respectively. The typical 

luminous efficiency of type A and type B devices without the packaging was found 

to be 2 lm/W and 1.4 lm/W. 

 

Figure 4.22: Typical EL measurement of type A and type B devices before (solid 

triangle and square) and after stressing (open triangle and square).  
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Figure 4.23: Normalized EL intensity against wavelength of the type A and type B 

devices under high current DC stressing at different stressing time: 

Before stress (A0, B0); after 12 hours stress (A12, B12) and after 24 

hours stress (A24, B24). 
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4.1.1.8 Thermoreflectance Measurement 

 

 As mentioned previously, heat generation in the LED devices is one of the 

main issues that must be overcome to enhance the reliability of the devices. The 

heating problem not only reduces the efficiency but also causes breakdown of the 

devices. A number of micro-scale and nano-scale temperature measurement 

techniques have been developed to study the temperature profile of the device. 

Thermoreflectance measurement is the primary measurement technique employed in 

this work for detecting the surface temperature variation of the devices.  

 Figure 4.24a and 4.24b are the top view temperature profile of the type A and 

type B devices before stressing. The results illustrate that the temperature profile of 

the type A device is more uniform than the type B device. Hot spots with 

temperatures more than 100℃ are observed mainly in the middle region for the type 

B device. After 24 hours hot-electron injection using a high DC stressing current at 

600A/cm
2
, higher non-uniformity in the temperature profile is observed in device A 

as shown in Figure 4.25a. For device B, a large dark spot developed in the middle 

region as illustrated in Figure 4.25b.  

There are three main mechanisms that can remove heat from the LEDs: first 

being convection at the device top surface, conduction through the substrate to a heat 

sink and finally through metal pads and wires. Figure 4.26 shows that heat is mainly 

dissipated through the metal pads and wires for our devices.  
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Figure 4.24: Temperature profile of top view of (a) Type A device and (b) Type B 

device before stressing. 
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(b) 
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Figure 4.25: Temperature profile of top view of (a) Type A device and (b) Type B 

device after 24 hours high current stressing. 

 

(a) 
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Figure 4.26: Thermoreflectance phase image showing the heat dissipation of the 

LED devices. 
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4.2 Reduction of Material Defects Using Epitaxial Lateral 

Overgrowth  

 

In order to reduce the dislocation density, especially the threading dislocation 

of the GaN thin films, conventional and facet-controlled (two-step) ELOG GaN thin 

films were studied. First, a high quality n-type GaN thin film was grown by MOCVD 

technique. 150 nm thick SiO2 masked strips was deposited along 


0011  and 




0121  directions by Plasma Enhances Chemical Vapor Deposition (PECVD) 

followed by conventional photolithography and wet etching technique. 

By varying the III-V ratio, growth temperature and/or pressure, different 

preferences of the growth direction (vertical or horizontal direction) of GaN can be 

obtained. For the conventional ELOG as shown in Figure 4.27a, only one set of fixed 

growth parameters, which normally choose the fast horizontal growth rate, is 

required.  For the facet-controlled ELOG as illustrated in Figure 4.27b, the fast 

vertical growth rate is first selected for the growth of triangular GaN strips followed 

by fast horizontal growth rate for smoothing out the thin film surface. In this section, 

systematic studies of TMG flowrate, growth temperature and pressure were 

conducted for the optimization of the ELOG growth process. The structures are 

characterized using SEM, TEM and AFM techniques.  

      

Figure 4.27: Schematic diagram of: (a) Conventional ELOG and (b) Facet-controlled 

ELOG. 

Sapphire Sapphire 

(a) (b) 
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4.2.1 Conventional Epitaxial Lateral Overgrowth 

 

4.2.1.1 Scanning Electron Microscopy  

 

 Figure 4.28 shows the relationship between growth time and strip‟s oriented 

direction. The results illustrate that the triangular stripes can only formed along the  




0011  direction but not in 


0121  direction although increase of the growth 

time. The stripes start to merge together after 3000 seconds and 7200 seconds for 




0121  and 


0011  direction. 

 To obtain a smooth ELOG surface, growth time of 3000 seconds was selected 

with the variation of the growth temperature as shown in Figure 4.29. The data verify 

that the ELOG surface becomes smooth by increasing the growth temperature to 

1065℃.  

 The effect of the growth pressure was studied by changing the reactor 

pressure from 80 Torr to 500 Torr as shown in Fig 4.30. The result indicated that 

higher growth rate can be obtained in both 


0121  and 


0011  direction at 

reduced growth pressure. For the pressure higher than 300 Torr, the formation of the 

facet becomes rough and irregular. 

Furthermore, the effect of the vertical-to-lateral growth ratio was investigated 

by varying the flow rate of TMG from 45 sccm to 18 sccm. The results certify that 

the lower the TMG flow rate, the higher the lateral growth rate as shown in Figure 

4.31. 
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3000 sec 

7200 sec 

 

Figure 4.28: Morphological changes in GaN ELOG along 


0011  and 




0121  under different growth time (Growth conditions: 80 Torr, 

1034℃, TMG: 165.26 umol/min).  
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Figure 4.29: Morphological changes in GaN ELOG along 


0011  and 




0121  under different growth temperature (Growth conditions: 

80 Torr, 3000 sec, TMG: 165.26 umol/min). 
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Figure 4.30: Morphological changes in GaN ELOG along 


0011  and 




0121  under different growth pressure (Growth conditions: 

1034℃, 3000 sec, TMG: 165.26 umol/min). 
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Figure 4.31: Morphological changes in GaN ELOG along  


0121  under 

different TMG flow rate (Growth conditions: 80 Torr, 3000 sec, 

1185℃). 
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4.2.1.2 Transmission Electron Microscopy 

 

 Based on the results of the SEM images, an optimal conventional ELOG 

structure was grown and studied by TEM. The BF TEM image is shown in Figure 

4.32, where the length of the void is around 1.8 μm. Figure 4.33 shows the DF TEM 

image, where the threading dislocations are terminated by the SiO2 layer. A 

dislocation free region is found above the SiO2 layer as illustrated in Figure 4.33. A 

threading dislocation is introduced at the top of the void and extends to the top of the 

surface in Figure 4.34.   

 

Figure 4.32: BF TEM image of the conventional ELOG structure.  
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Figure 4.33: DF TEM image showing the threading dislocation.  

 

 

Figure 4.34: DF TEM image showing the dislocation introduced by the void.  
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4.2.1.3 Atomic Force Microscopy 

 

 The surface morphology of the conventional ELOG GaN thin film is shown 

in Figure 4.35. The window region is shown in the left hand side of the figure, where 

the threading dislocations are introduced from the GaN layer.  Dislocation free 

region can be obtained above the SiO2 layer, where only several threading 

dislocation are formed due to the void.     

 

 

Figure 4.35: AFM image of the conventional ELOG GaN thin film. 
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 125 

4.2.2 Facet-controlled Epitaxial Lateral Overgrowth  

 

4.2.2.1 Scanning Electron Microscopy 

 

 As mentioned before, the facet-controlled ELOG requires two different 

growth steps. Applying the results in the previous section, the triangular GaN facet 

structure of GaN can be grown under specific growth conditions. Figure 4.36a and 

4.36b show the ELOG triangular GaN stripes were grown at 1070℃ and 1100℃. 

The results illustrate that a number of inverted pyramidal defects were formed at the 

low growth temperature as shown in Figure 4.36a. It is noteworthy that at high 

growth pressure condition, no invented pyramidal defects are observed in the films as 

shown in Figure 4.37b. The first-step ELOG GaN strips were grown using optimized 

growth pressure, time, flow rate and temperature as shown in Figure 4.38. The 

growth conditions of the second-step were adjusted based on the conventional ELOG 

and the SEM images taken from the second-step as recorded in Figure 4.39. Length 

of around 5 μm voids is observed at the middle of the top of the masked region after 

the second-step growth of GaN layer.  

 Undoped GaN thin film was grown on the top of the facet-controlled ELO 

GaN thin film for the characterization as shown in Figure 4.40. It is noted that the 

inverted pyramidal defects are exactly located above the void underneath. 

Dislocation free region can be obtained except the region where the GaN merged 

during the second growth step in Figure 4.41.  
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Figure 4.36: SEM images of the GaN ELOG structure with growth temperature 

at (a) 1070℃ and (b) 1100℃. (80 Torr, TMG: 45 sccm, 3000 sec). 

 

Figure 4.37: SEM images of the GaN ELOG structure with growth pressure at (a) 

80 Torr at 3600 sec and (b) 200 Torr at 2700 sec. (TMG: 54 sccm, 

1100℃). 

 

 

 

 

 

Figure 4.38: SEM images taken after the first-step ELOG. 
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Figure 4.39: SEM images taken from the facet-controlled ELOG. 

 

 

 

 

 

 

Figure 4.40: SEM images taken from undoped GaN grown on facet-controlled 

ELOG template. 
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Figure 4.41: Top view SEM image taken from undoped GaN grown on facet-

controlled ELOG template. 
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4.2.2.2 Transmission Electron Microscopy 

 

 Facet-controlled ELOG GaN film was characterized using the TEM. Cross-

sectional TEM image of the whole structure after the first-step growth is shown in 

Figure 4.42. A regular and smooth facet can be obtained by optimized growth 

parameters. Figure 4.43 shows the threading dislocations bent 90 degrees, which is 

similar to the GaN pyramid system. Figure 4.44 illustrates that the threading 

dislocations were bounded by the SiO2 masked layer. The mechanism of the defect 

formation will be discussed with other results in the next chapter.  

 

 

Figure 4.42: BF TEM image taken after the first-step ELOG. 
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Figure 4.43: BF TEM image taken after the first-step ELOG growth showing the 

threading dislocations bent 90 degrees. 

 

 

Figure 4.44: BF TEM image taken after the first-step growth showing a threading 

dislocation bounded by SiO2 masked layer. 
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4.2.2.3 Atomic Force Microscopy 

 

 The surface morphology of window region of the facet-controlled ELOG 

GaN thin film was shown in Figure 4.45. Dislocation free region can be obtained 

both above the SiO2 layer and window region.  

 

 

Figure 4.45:  AFM image of facet-controlled ELOG GaN thin film. 
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4.2.3 Nano-epitaxial Lateral Overgrowth 

 

 As mentioned previously, ELOG technique can be applied to the MOCVD 

growth process for reducing the dislocation density. Typical threading dislocation 

density using a conventional single-step ELOG technique is of the order of 10
7
-10

8
 

cm
-2

. This can be further lowered to about 10
7
 cm

-2
 using a facet-controlled ELOG 

process. However, the facet-controlled ELOG process requires the growth of a u-

GaN layer with a total thickness in the range of 6-8 µm. Deposition of such a thick 

GaN layer on the sapphire substrate will result in significant stress in the film leading 

to the bowing of the substrate and significant variation in the growth temperature 

over the width of the wafer. Moreover, the threading dislocations localize in the 

window region which may cause reliability problem during the device operation.  

 Therefore, the incorporation of a NELOG layer in the device structure has the 

potential of significant reduction of the dislocation density in the active region of the 

devices while maintaining the thickness of the u-GaN layer to below 1 µm thereby 

substantially reducing the detrimental effects arising from the bowing of the wafer. 

The schematic diagram of the NELOG GaN thin film is shown in Figure 4.46.  

 

Figure 4.46: Schematic diagram of the NELOG GaN thin film. 
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 For the fabrication of NELOG LED devices, a 2.5 µm thick u-GaN film was 

grown on top of a sapphire substrate using MOCVD technique. A 200 nm SiO2 layer 

was deposited by PECVD technique on the u-GaN layer. This is followed by e-beam 

deposition of a Ni layer of thickness about 8 nm. Nano-clusters of metallic Ni islands 

were obtained by annealing the film at 800°C for about 5 minute. The SiO2 layer was 

etched by reactive ion beam etching, resulting in an averaged window diameter and 

inter-distance of 300 nm and 200 nm, respectively as shown in Figure 4.47. 

 

 

Figure 4.47: Top view SEM image of the nano- SiO2 on u-GaN layer. 

 

The MOCVD growth parameters for the active region were based on the 

optimized conditions as mentioned in section 4.1.  In the following section, a novel 

LED device structure with NELOG structure will be compared with the conventional 

LED devices by AFM, PL, EL, I-V, noise and thermal imaging techniques. 
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4.2.3.1 Atomic Force Microscopy 

 

 The surface morphology of NELOG GaN thin film was shown in Figure 4.48. 

From Figure 4.45, the threading dislocation density was estimated to be       cm
-2 

compared to          cm
-2

 for the control sample.  

 

 

 

Figure 4.48: AFM image of NELOG GaN thin film. 

 

 

 

 

 

 



 

 135 

4.2.3.2 Photoluminescence 

 

PL measurement was applied to characterize the thin film quality of different 

samples. Figure 4.49 illustrates the experimental PL for the NELOG LED, 

conventional ELOG LED and control LED. The experimental data indicates that the 

NELOG LED thin films have a much stronger PL signal than the conventional 

ELOG LED and conventional LED devices. 

 

 

Figure 4.49: PL measurement of NELOG LED, conventional ELOG LED and 

control LED. 
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4.2.3.3 Electroluminescence 

 

The optical properties of the LED devices were characterized by the EL 

measurement. From Figure 4.50, more than three times higher EL peak wavelength 

intensity for the NELOG LEDs compared to the conventional LEDs was observed at 

biasing current of 210 mA and 40 mA. Moreover, a 15 nm blue shift in the peak EL 

wavelength was observed for the NELOG LEDs. The luminous efficiency of 

NELOG and conventional LEDs without the packaging was estimated to be 5 lm/w 

and 2 lm/w. 

 

Figure 4.50: EL measurement of NELOG LED and control LED at 210 mA (closed 

triangle and square) and 40 mA (opened triangle and square). 
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4.2.3.4 I-V and Noise Measurement 

 

In order to study the reliability of the LEDs, hot-electron degradations in the 

I-V characteristics and low-frequency noise measurement were investigated for the 

NELOG and control LEDs. From Figure 4.51, it is observed that at tS = 0 hour the 

reverse bias saturation currents at 5AV  V for a typical type N and type C device 

are   61044.25  VVI ANELO A and   51049.35  VVI AControl A respectively. 

It clearly shows that INELOG  is close to an order of magnitude smaller than Icontrol at 

5AV V. 

 

Figure 4.51: I-V measurement of NELOG LED (triangle) and control LED (square) 

before (solid triangle and square) and after 48 hours stressing (open 

triangle and square). 
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 Systematic characterization of the low-frequency current noise of the devices 

was used to monitor the change in the defect density during the hot-electron stressing. 

From Figure 4.52, the control LED devices exhibit much faster rate of increase in 

SI(f) against stressing time compared to the NELOG devices. The increase in noise is 

believed to be due to the increase in the trap defect density during the high current 

stressing. Therefore, much less substantial increase in the trap density in the NELOG 

device was observed compared to the control LED devices. 

 

 

Figure 4.52:Experimental values of               against stressing time for 

NELOG LED (triangle) and control LED (square). The inset illustrates 

the full spectrum for NELOG LED before stress (solid triangle) and 

after 48 hours stressing (open triangle) and control LED before stress 

(solid square) and after 48 hours stressing (open square). 
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4.2.3.5 Thermoreflectance Measurement 

 

The device degradation is affected by the development of hotspots during the 

hot-electron stressing. Therefore, the thermoreflectance measurement was used to 

investigate the presence of hotspots in the devices. Detailed measurement was 

performed for both types of devices under a DC current of 100 mA. To examine the 

effects of hot-electron injection on the temperature profile, the devices were 

subjected to a stressing current of 600 mA for a period of 24 hours and the thermal 

images are shown in Figure 4.53b and 4.53d for the NELOG and control devices. 

 

 

Figure 4.53: Temperature profile of: (a) NELOG device before stressing; (b) 

NELOG device after 24 hours stressing; (c) Control device before 

stressing; and (d) Control device after 24 hours stressing. 
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5.0 DISCUSSIONS  

 

III-nitrides are the promising materials for the development of the high 

power LEDs and laser diodes [163-167]. In order to fabricate high quality LED 

devices, the optimization of the growth parameters using MOCVD are required and 

the results are shown in Section 4.1. Before the deposition of the low temperature 

nucleation layer, a nitrogen gas flow for nitridation at high temperature is applied to 

the sapphire surface [168-171]. The purpose of this nitrogen annealing step is to 

provide a cleaning and uniform chemical termination of the sapphire surface. 

During the annealing, the nitrogen diffused into the sapphire and reacted with the 

Al atoms by replacing the O atoms [172]. A few mono-layers of AlNO compound 

or its mixture can form on the sapphire surface as shown in Figure 4.14a. On the 

other hand, a low temperature buffer layer is required for the growth of the GaN 

layer. This layer is required to release stress, decrease the dislocation density and 

maintain a certain crystallographic orientation [168, 173]. The quasi-2D growth and 

formation of the GaN layer with a smooth surface can be obtained after the growth 

and coalescence of the GaN islands [174, 175]. The optimization of the low 

temperature buffer layer is one of the most important factors in many research 

studies [169, 174, 176, 177]. It has been reported that a buffer layer such as AlN or 

GaN can improve the surface morphology and the crystalline quality of the GaN 

thin film. The quality of the buffer layer can be affected by several parameters such 

as growth rate, flux ratio, as well as pressure and thickness of the layer. In addition, 

the low temperature buffer layer was found to modify its structure, which enhances 

the average grain size and surface roughness [170, 174, 178], during the 

temperature ramping. Thus in our study, to reduce the large lattice mismatch 
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between nitrides and sapphire, a low temperature nucleation layer of 30 nm and 100 

nm u-GaN buffer layer was deposited at 520
o
C and 1035

o
C before the growth of the 

n-GaN thin film. It is believed that the ramping effect allows the re-crystallization 

of the small crystalline nuclei to large grains. These small nuclei are initially 

formed on the sapphire during the initial state of the growth in the low temperature 

buffer layer. To obtain an optimal nucleation process, these nuclei are supposed to 

grow fast enough to be exposed to the surface of the buffer layer in order to provide 

suitable nuclei for the growth of GaN. Based on the AFM results, a swirled step 

structure with a pit hole in a hexahedral shape, which is called the V-shape defect, 

was observed in both types of samples. The result in Figure 4.8 shows that the TD 

density at the top of the as-grown n-GaN thin film surface is around 8108.2   cm
-2

, 

which is equal to or smaller than the values reported by other research groups. The 

root mean square surface roughness of the GaN thin film is in the range of 0.2-0.6 

nm over 
255 m  area. The HRXRD result illustrates that a high crystalline quality 

GaN thin film was grown with a small HWHM value of the rocking curve in (0002) 

plane by using these buffer layer structures as shown in Table 4.3. Cross-sectional 

TEM images in Figure 4.13 illustrate that the threading dislocation density of the n-

type GaN thin film near the buffer layer is 29109.5  cm . High dislocation density 

region including threading dislocation and stacking fault can be observed due to the 

large lattice mismatch between GaN and sapphire in Figure 4.13. From Figure 4.13, 

a number of dislocations disappear during the growth because the formation of a 

complete loops by merging two threading dislocations together. Thus, the density 

of dislocation reaching the surface is reduced to 28102.4  cm , which is consistent 

with the AFM result. The hexagonal V-shape defects are typically formed at the top 

of the threading dislocation caused by impurities and stresses. 
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During the growth of the GaN thin film, the epilayer is basically relaxed 

rather than being strained. However, a huge biaxial compressive stress is introduced 

upon the cooling because of the large thermal expansion coefficient of sapphire 

[179]. The magnitude of the stress mainly depends on the thickness and doping 

level of the n-type cladding layer. It is noted that excessive Si dopping may cause 

stress from compressive to tensile, which may induce wafer bowing and film 

cracking [180]. An optimized doping level of n-GaN was studied and selected 

based on the result in Section 4.1.1.1. 

The lifetimes and reliability of the devices are closely correlated to the 

crystal quality of the GaN thin films [181-183]. The optimization of the growth 

temperature, time and III-V flow rate should be considered after the selection of the 

growth parameter of the buffer and n-GaN layer. A series of PL spectra of the GaN 

MQWs and LEDs grown on c-plane sapphire with a variation of well thicknesses, 

temperatures and flow rates as illustrated in Figure 4.5, 4.6 and 4.7. The emission 

peak of the MQW is highly affected by the thickness of the InGaN well layer due to 

quantum size effect. Figure 4.5 and 4.7 illustrate the increase in well growth time 

and growth rate resulted in a red shift of emission peak. Figure 4.6 show that the 

increase in temperature during the growth of the well layer resulted in a blue shift 

in the emission peak because of In out-diffusion affecting the In concentration of 

the well layer. The results demonstrate that the emission peak can be adjusted from 

blue to green. In general, the green LEDs have a much larger FWHM peak value 

than the blue LEDs. This spectral broadening may be due to the large compositional 

inhomogeneity during the growth of the InGaN active region [184]. To determine 

the interfacial properties of the MQWs, HRXRD and TEM characterizations were 

employed. Experimental data in Figure 4.11 demonstrates that the satellite peaks 
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are well defined up to sixth order with a FWHM of 0.073 degree for the main peak. 

This indicated that the interfaces between layers are precisely delineated. The 

period of the QW can be determined by the following equation [185]: 
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, where i, j are the satellite orders and   is the half of the scattering angle of that 

satellite peak. The period of the QW is determined as 11.2 nm, which is consistent 

with the results of TEM (GaN/InGaN: 3.5/8 nm) in Figure 4.15a. During the growth 

of the MQWs, large strains are introduced at the GaN/InGaN interfaces and In-rich 

regions [186, 187], which are believed to be the main reason for the formation of 

the V-shape defects. Figure 4.15b shows that the In-rich quantum-dot-like regions 

were formed in the InGaN layer because of the strong compositional fluctuation. It 

is believed that these regions can enhance the carrier localization and radiative 

processes [184]. The carrier localization effects are caused by the spatially irregular 

indium distribution and QW thickness fluctuation, which play an important role in 

the spontaneous emission from the QW structures [184, 188-194]. The In-rich 

quantum-dot-like regions can trap carriers forming localized excitons, which 

increase the overlapping of the electrons and holes. However, the size and 

formation mechanism of the In-rich regions may affect the radiative 

recommendation rate, stability and lifetime of the LED devices.      

The growth parameters of the InGaN QWs have significant impacts on the 

optoelectronic properties of the device. It has been shown that the incorporation of 

efficiency of indium into the InGaN epitaxial layers is strongly dependent on the 

growth rates of the films. Work by Keller et al.  shows us that small variations in 

the growth rate of the InGaN layer may have a significant impact on the growth 
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mode of the materials [195]. The step-flow growth mode competes with the spiral 

growth mode around threading dislocations with a screw component. It was found 

that the spiral growth mode may dominate under low growth rate conditions and 

substantially increases the root mean square roughness of the films which was 

observed in cases where the TMG flow was reduced. The domination by spiral 

growth mode may result in large strain non-uniformity in the InGaN QWs [196] 

and it will significantly reduce the lifetime and efficiency of the device. The strain 

level of the InGaN layer must be carefully managed through optimizing the growth 

conditions as excessive strain will lead to the reduction of the local critical 

thickness of the InGaN layer and the formation of threading dislocations in the 

MQW.   

To identify the physical origin of the degradations of the LEDs, detailed 

characterizations including structural, optoelectronic, low-frequency noise and 

thermoreflectance measurements were preformed on the devices as a function of 

the stress time; the results are compared and discussed. Two different types of 

devices were examined which had undergone the same fabrication procedures 

except for the growth conditions of the QWs as indicated in Table 4.1.  For the type 

A devices, the TMG and TMI fluxes were 10.56 µmol/min and 19.39 µmol/min 

compared to 3.52 µmol/min and 13.96 µmol/min, respectively, for the type B 

devices.  The growth rate for the InGaN QWs in the type A devices are roughly 

three times faster than that of the type B devices.  The TEM pictures of the MQWs 

for type A and B devices are shown in Figure 4.16a and 4.16b respectively.  It is 

observed that the type B device exhibits a substantially higher non-uniformity in the 

MQW structure with significant out-diffusion of indium. It is believed that indium 

out-diffusion is associated with the presence of threading dislocations in GaN [197, 
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198]. A low InGaN growth rate was used in the type B devices resulting in 

domination by the spiral growth mode leading to an increase in the interface 

roughness as well as the buildup of uneven strain in the MQWs. If the local strain 

becomes excessive stacking fault and V-shape dislocations may develop and 

facilitate the relaxation of strain in the MQWs. In general, there are two types of 

formation mechanisms for the V-shape defects in the highly strained MQWs [199]. 

Schematic diagrams for V-shape defects caused by stacking mismatch boundary 

(SMB) and TD from the sapphire are shown in Figure 5.1a and 5.1b.  

 

Figure 5.1: The schematic diagrams of the formation of the V-shape defects due to 

(a) Stacking fault and (b) TD [199]. 

 

Cho et al [199] proposed that the SMB is generated when the defected region 

(ABABCBCB) of the left side combines with the corrected stacked region 

(ABABABAB) of the right side in Figure 5.2. Thus, the formation of the V-shape 

defect is observed at the top of the SMB. Romano et al [200] reported that stacking 

faults are easily generated in the GaN layer due to the low formation energy in the 

InGaN/GaN hetero-structure. Therefore, the V-shape defects introduced by SMBs 

are appear early and are easy to observe in an uneven and highly strained MQW 

layer. This corroborates with the experimental results from AFM a scan of the QW 

(a) (b) 
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layers in Figure 4.8 and 4.10 which show 30% percent increase in dislocation 

density for type B samples. The AFM result is inconsistent with the TEM result 

which shows that the MQW layer of the type B samples are uneven and highly 

strained due to the low growth rate when compared with type the A samples.  

 

Figure 5.2: The atomic model showing the formation of SMB and V-shape defects 

due to the stacking fault [199]. 

  

For wide band gap materials, the reverse leakage current is predicted to be small 

in magnitude. However, the leakage current of the GaN-based LED devices is much 

higher than the classical diffusion as well as the generation-recombination current 

in real situations. It is believed that this high reverse current is attributed to defect-

assisted tunneling or band-to-band tunneling. To understand the carrier 

transportation mechanism, the I-V characteristics for the devices were characterized 

under different stressing times (tS) using a DC stressing current of 60 Acm
-2

. After 

24 hours of accelerated stressing, the devices exhibited ssignificant increases in the 
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reverse bias saturation currents. Typical experimental data of the type A and B 

devices are shown in Figure 4.18 for tS = 0 hr, 12 and 24 hours respectively. Figure 

4.18 illustrates that tunneling becomes dominant for a reverse bias larger than 2.5 V 

for both types of devices before stressing. After 24 hours DC stressing, the 

tunneling dominated reverse voltage shifted to 1 V, where there is a sudden 

increase in the slope of the leakage current. This may attribute to defect-assisted 

tunneling due to the generation of defect during the DC stressing. In a 

semiconductor p-n junction, the forward I-V characteristics at moderate bias can be 

expressed with the Shockley model: 

 

)/exp(0 nkTqVII 
,
        5.2 

 

where 0I  is the saturation current, q  is the electron charge, k  is Boltzmann‟s 

constant and T is the absolute temperature. It is noted that the ideality factor (n) is 

directly related to carrier transportation and recombination. The value of the 

ideality factor between 1 and 2 are normally attributed to the competition between 

diffusion process (n=1) and generation-recombination process [201]. Ideality factor 

exceeding 2 is believed to cause by trap-assisted tunneling [202-205] and carrier 

leakage [205]. The ideality factor with high value results in a high forward voltage, 

which limits power efficiency of the LED devices. Typical values for the ideality 

factor reported by other groups are in the range of 4-7 for the GaN LED devices 

[205-207]. Based on the result in Figure 4.18, the carrier transport mechanism 

cannot be distinguished because of the high resistance at high injection current. At 

moderate biases, the exponential segment with different slope of the type A and 

type B devices can be investigated base on Equation 5.2 [201]: 
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The measured ideality factor is 3.49 and 3.98 for the type A and type B devices 

before the stressing. After the stressing, the ideality factor raised to 4.26 and 4.91 

for the type A and B devices, which illustrate that a decrease in the power 

efficiency of both type of devices was observed due to the generation of defects. In 

general, the increase of the device current both under forward and reverse biasing is 

believed to be related to the increases of the defect density in the barrier layers of 

the MQWs resulting in increases of defect assisted tunneling in the device. 

Figure 4.22 illustrates the typical EL for both types of devices under DC current 

stressing. The data demonstrates similar EL peaks for both devices indicating that 

the high InGaN growth rate enhances In incorporation in the QWs.  It is also noted 

that although the MQWs were grown using N2 as the carrier gas, small amount of 

hydrogen may be generated from the cracking of NH3 which may have caused 

preferential etching of In at the growth surface. A slow growth rate may amplify 

this effect leading to non-uniformity in the QWs.  Furthermore, an increase of over 

30% in the internal quantum efficient was observed for device A. From Figure 4.23, 

after the devices were stressed and tested by a high DC current, type B devices 

show a large drop in the EL compared to type A devices. In addition, from what 

could be seen in the broadening of the FWHM for type B devices indicated the 

generation of non-radiative defects in the MQWs.  

The hot-electron degradations of the optoelectronic properties of the devices are 

consistent with the generation of localized states in the MQWs. The trap density is 

characterized by the examination of the low-frequency noise power spectral density 

of the device. Noise measurement as a characterization tool has important 
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advantages over many conventional techniques because it is non-destructive and it 

can be performed directly on the device itself. It has been shown that conductance 

fluctuations in MQWs device arise from the modulation of the tunneling barrier due 

to the capture of a carrier by a localized state in the barrier layer.  This leads to a 

fluctuation in the device current when a constant voltage is applied to the structure.  

The current noise power spectral density is given by [123]:  
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where I0 is the current fluctuation in the device due to the capture of a single carrier 

by a localized state, NT(E) is the trap density in the material and   is the time 

constant of the fluctuation process.  Previous studies showed that   is thermally 

activated and can be expressed as: 
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where E is the activation energy of the localized state, kB is the Boltzmann constant 

and T is the absolute temperature.  The Lorentzian in Equation 5.3 is a sharply 

peaked function of E.  Thus, SI(f) is highly sensitive to the traps at Ep= -kBTln(0) 

where EP is the energy where the Lorentzian peaks. Based on Equation 5.3, a 

normalized trap density, NTR(E), can be defined as:  
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in which C  is a proportionality constant. Equation 5.5 shows that SI(f) is 

proportional to the trap density at EP. The experimental data on the low-frequency 

noise measurements is shown in Figure 4.19. The current noise power spectra, SI(f), 

were found to increase as a function of ts.  From Figure 4.19 one observes that SI(f) 

can be roughly divided into two regions:  in region I (tS < 24 hours), devices 
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demonstrate high rates of increase in SI(f) with tS; in region II (tS > 24 hours), the 

rates of increase of SI(f) are found to be substantially lower than in region I.  It is 

also observed that type B devices show close to two orders of magnitude increase in 

SI(f) in region I compared to a nearly six-fold increase in SI(f) for type A devices in 

the same region. This stipulates close to two orders of magnitudes increase in NTR(E) 

for device B in region I, whereas only about six folds of increase in NTR(E) is 

observed for the type A device over the same region.  In region II, both types of 

devices exhibit a much lower rate of increase in NTR(EP) than in region I. This 

phenomenon can be explained based on the differences in the material strain in the 

QWs. The significant increase in defect density for the type B device in region I is 

attributed to the presence of highly strained bonds at the MQWs which can be 

easily broken down at the application of a stressing current resulting in the 

generation of a large quantity of localized states.  However, once the strained bonds 

were broken, the MQWs would become more stable and the rate of increase in the 

trap density for the MQWs would be substantially lowered as shown in Figure 4.19.  

It is noted that the rate of increase of trap density for the type B devices in region II 

remains somewhat higher than the type A devices.  This can be accounted for by 

the presence hot spots in the MQWs for the type B devices.  

Detailed analyses of the temperature dependencies of the noise power spectra 

show that the presence of G-R noise in the type B devices as indicated in Figure 

4.20. The data clearly demonstrates the shift of corner frequencies of the G-R 

pumps as a function of the device temperature. The activation energies of the G-R 

centers are obtained from the Arrhenius plots of the time constant of the G-R bump 

which is defined as: 
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where 0f  is the corner frequency of the G-R pump. The experimental Arrhenius 

measured from the type B devices are shown in Figure 4.21. The data indicated that 

the type B devices exhibit one G-R level with activation energy of 64meV and 

68meV before and after the stressing but not in the type A devices. Both the room 

temperature and low temperature noise measurements clearly illustrate significant 

generation of localized states due to current stressing. The generation of defect 

states is much more substantial in type B devices than in type A devices. The 

generation of defect states is a thermally activated process, an elevation in the 

temperature will lead to a higher generation rate of defects. It is noteworthy that the 

experimental results agree with the observations by Jones et al. [208] that an 

inverse correlation exists between the initial rate of increase in the low-frequency 

noise and the lifetime of the LED.  The model provides a physical basis for the 

observation that devices with high initial rate of increase in the low-frequency 

excess noise generally also exhibit shorter lifetimes due to hot-electron stressing.  

Thus, the measurement of low-frequency noise can be utilized as a cost-effective 

screening technique for LEDs.   

It is important to identify the position of the defects generated in the device to 

determine the detailed failure mechanism.  Based on the model presented above the 

defects generated in the stressing experiment would be physically correlated to the 

high current regions of the device which can be effectively investigated by 

systematic thermal imaging of the devices under high DC current stress. The 

temperature differentials of the devices over the entire surface area were 

determined by CCD-based thermoreflectance setup as shown in Figure 3.20. Local 
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variation in the temperature of the device will lead to corresponding changes in the 

reflectance, R, given by [142-144]: 
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and the temperature differential can be evaluated by  
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where 0TTT  and β is the thermal reflectance coefficient and is given by 

  0/1/ TRTR  . The results obtained for both types of devices under a DC 

current bias of 100 mA, prior to the application of an accelerated stressing current, 

are shown in Figure 4.24.  In contrast to the hot spots being developed in the type B 

device, the type A device shows a much more uniform temperature distribution 

over the entire device surface. To examine the effects of hot-electron injection on 

the temperature distribution, the two devices were subjected to a high stressing 

current of 600 Acm
-2

 for a period of 24 hours and the thermal images of the devices 

were again measured under a biasing current of 100 mA as shown in Figure 4.25a. 

Higher non-uniformity in the thermal image is observed in device A while for 

device B, a large dark spot has been developed over the region where the hot spots 

were observed in Figure 4.25b.  The overall brightness of device B has been 

substantially reduced which is related to the total failure of the device.  It is noted 

that it takes 6 days of continued high current stressing at 600 Acm
-2

 for device A to 

reach a similar condition for the dark spot to be observed as in device B.   

The TEM images of the samples are shown in Figure 4.16.  While device A 

demonstrates an intact MQW after 24 hours of high current stress as shown in 

Figure 4.16a, substantial indium out-diffusion is seen in a failed device B for ts = 
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24 hours as indicated in Figure 4.16b.  Moreover, one can clearly see, from the 

figure that, a threading dislocation has been developed originating from the MQW 

and similar observation was made on a failed type A device after 6 days of high 

current stress as indicated in Figure 4.16c. The data clearly shows that high DC 

current stressing over an extended period of time results in a significant 

compromise of the structural integrity of the MQWs. Significant increases in the 

defect density such as localized states and threading dislocations have been 

observed in the MQWs.   

As mentioned previously, the growth and fabrication of commercial GaN-based 

LED devices still relies on sapphire substrate despite its disadvantages in terms of 

lattice and thermal mismatch. Therefore, the growth of high quality GaN/InGaN 

MQWs is still critical for the enhancement of the optoelectronic properties and 

reliability of the devices. The method of ELOG is one of the important technology 

to obtain a high structural quality GaN thin film for device fabrication. In this study, 

the optimization of the growth of the conventional and facet-controlled ELOG GaN 

thin films were performed by MOCVD using different growth conditions as shown 

in Section 4.2. Based on the AFM characterization of the surface morphology of the 

GaN films, typical threading dislocation density using a conventional ELOG and 

facet-controlled ELOG techniques are of the order of         cm
-2

. However, 

the disadvantage of the conventional ELOG is the localization of threading 

dislocation in window region, which highly affect the lifetime and reliability of the 

devices as illustrated in Figure 4.35. For the facet-controlled ELOG technique, the 

threading dislocation density is about one order of magnitude less than the 

conventional ELOG technique. In order to achieve a smooth surface, it requires the 

growth of a thick GaN layer in the range of 7 μm, which will result in significant 
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stress inside the film leading to the bowing of the substrate and variation in the 

growth temperature over the wafer. Therefore, a new approach using a NELOG 

layer in the device structure, which has the potential of significant reduction of 

threading dislocation density in the active region of the devices and maintaining the 

thickness of the u-GaN layer to below 1 μm was suggested for the fabrication of the 

novel LED devices. 

Based on the AFM measurement, the dislocation density is       cm
-2

 for the 

NELOG GaN thin film compared to         cm
-2

 for the control devices which 

had gone through the exact growth processes but without the NELOG layer. From 

Figure 4.51, the initial increase of the reverse and forward bias current for the 

NELOG devices is much lower than the control devices. The increase in the 

saturation current stipulates a corresponding increase in the localized states in the 

active region which enhances the trap assisted tunneling current in the device. Low-

frequency noise measurement was used to monitor the increase in the defect density 

in MQWs as a function of stressing time. From Figure 4.52, the data demonstrates 

that the control device exhibit much faster rate of increase in SI(f) as a function of 

stressing time compared to NELOG device. Over a stress time of 48 hours, the 

control device exhibit 16 times increase in SI(f), whereas roughly 80% increase in 

SI(f) was observed for the NELOG device over the same period. The experimental 

data on noise measurements are well consistent with the AFM and I-V measurement.  

 Thermoreflectance measurement was used to investigate the presence of 

hotspots in the devices due to hot-electron stressing.  Detailed measurement of T 

was performed for both types of devices under a dc current bias of 100 mA. The 

temperature profiles for the NELOG and control devices before stress were shown 

in Figure 4.53a and 4.53c respectively.  The data show that the NELOG device 
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demonstrates a more uniform temperature distribution over the device surface 

compared to the control device. To examine the effects of hot-electron injection on 

the temperature profile, the devices were subjected to a stressing current of 600 mA 

for a period of 24 hours and the thermal images are shown in Figure 4.53b and 

4.53d for the NELOG and the control devices respectively. The development of hot 

regions in the control device is strongly correlated to the generation of localized 

states in the MQW which result in the increase in trap-assisted tunneling in the 

device leading to further enhancement in the non-uniformity of the surface 

temperature of the device.  Since the formation of the localized states is a thermally 

activated process, the presence hot regions in the device will further enhance the 

generation of the defect states.  Hence, a thermal runaway condition is being 

established which eventually will lead to the failure of the device in a much faster 

rate. 

 The optical properties of the devices were characterized by the EL 

measurement. From Figure 4.50, more than three times EL peak wavelength 

intensity for the NELOG device compared to the control device. The huge increase 

in EL intensity may due to the improvement of internal quantum efficiency and 

light extraction efficiency. On the other hands, around 15 nm blue shift in peak EL 

wavelength was observed for the NELOG devices. To identify the origin of the blue 

shift, it is noted that both types of devices were grown in the same run and wafer-

to-wafer variation in the EL peak within same run is typically limited to 5 nm. It is 

unlikely that the incorporation of the NELOG layer will significantly affect the 

growth rate of the MQW, thus it appears that the phenomenon may be due to the 

strain relaxation in the NELOG MQWs resulting in significant reduction in the 

quantum confined stark effect.  
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6.0 CONCLUSIONS 

 

 High quality GaN thin films were successfully grown on c-plane sapphire 

substrates by MOCVD. Optimization of the growth parameters including III-V ratio, 

growth rate, growth temperature and pressure was based on the experimental results 

of PL, AFM, HRXRD, TEM and hall measurements. In general, these four 

parameters are linked to each other, which strongly affect the material quality. 

Systematical studies on these parameters were discussed in the previous chapter. 

The methodology of the successful optimization of the film growth process has 

been demonstrated. A maximum hall mobility and carrier concentration of 550 

cm
2
V

-1
s

-1
 and 18103  cm

-3
 was observed for n-type GaN in our laboratory. The 

threading dislocation density was found to be around 8105  cm
-2

 which is 

comparable to the results reported by other research groups.  

 In addition, we have conducted systemic investigations on the growth 

mechanism of the InGaN/GaN MQWs. Two typical samples with different growth 

conditions of MQWs were selected to study the degradation of the optoelectronic 

and low-frequency noise properties of the GaN LEDs due to the application of high 

DC stressing current. The experimental results indicate a significant increase in 

defect density arises from hot electron injection. Devices that were grown with a 

low growth rate for InGaN QWs (type B) were found to have a high rate of 

degradation due to the high rate of generations of material defects. This was 

attributed to the domination of spiral growth in the QWs resulting in high strain 

non-uniformity. It was shown that the generation of defects led to an increase in the 

trap-assisted tunneling current resulting in the development of hot spots in the 

devices. This further enhances the defect generation resulting in a thermal run away 
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condition which eventually resulted in the failure of the device. It is worth noting 

that a high initial rate in excess low frequency noise stipulates high strain in the 

MQWs. The highly strained bonds in the MQWs are more easily broken when 

current is applied. This accounts for and explains the observed shorter lifetimes in 

the type B devices. Our results provide the physical basis for the utilization of low-

frequency noise measurement as a tool for projecting the lifetime of a LED device. 

 We have performed a systematic study on the fabrication and 

characterization of the novel NELOG device using a SiO2 growth mask with 

nanometer-scale windows. Compared to the control device, the NELOG devices 

demonstrate significant improvements in the EL intensity. Hot-electron hardness of 

the devices was investigated using low-frequency noise measurement and 

thermoreflectance for systematically monitoring the traps and hotspots density. The 

data demonstrate significant improvement in the hot-electron hardness and thermal 

stability device life time for the NELOG devices compared to the control devices. 
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7.0 FUTURE WORKS 

 

The growth of GaN-based LED devices using Si substrate was not so 

successful due to the poor material quality. NELOG technique is a promising 

approach for reducing the threading dislocation density, which can enhance the 

brightness and lifetime of the devices.   

Recently, the growth of the MQWs as an active region on non-polar or 

semi-polar GaN crystal planes is a promising approach for stable emission color 

and improvement of quantum efficiency due to the reduction of the quantum 

confined Stark effect.  In order to fully exploit the potential of GaN-based LEDs, 

the fabrication of high quality non-polar LEDs is an important direction to be 

explored. NELOG technique is one of the best approaches to reduce the stress 

and dislocation during the MOCVD growth.  

  

 

 

Figure 7.1: Schematic diagram of the NELOG GaN thin film using different 

substrates. 

 

Si / Non-polar substrate 
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