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Abstract 

InGaN/GaN-based light-emitting diodes (LEDs) are gradually replacing traditional 

lighting techniques, such as incandescent and fluorescent lamps. They have many 

advantages, such as high efficiency, long lifespan, compact size and color diversity. 

However, their efficiency decreases substantially with increasing current, which is due to the 

efficiency droop. Although the exact reasons accounting for the efficiency droop are still 

under debate, some proposals have been put forward to explain this phenomenon. Auger 

recombination is identified as one of the most critical reasons, since it is the cube of carrier 

concentration and gradually dominates with increasing current. Polarization effect, electron 

overflow and poor hole injection efficiency are also considered as the most critical reasons 

for causing the efficiency droop. 

In order to address the problem of efficiency droop and improve the device 

performance, this thesis has systematically reported the investigation on the InGaN/GaN-

based LEDs, mainly from the following three parts. 

In the first part, the effort has been focused on the layer structures and doping profile 

in the quantum barriers for the LED epi-wafers. In our group, a platform of high quality 

epitaxial growth and versatile characterization methods has been established which provides 

the guarantee to the reliability and repeatability of the results. As a novel design of epi-wafers, 

the tandem LEDs, in which multiple active regions are connected by tunnel junctions, have 

been studied theoretically in both optical and electrical aspects. The simulated results show 

extraordinary efficiency improvement when compared with the traditional LEDs, which is 

attributed to a relatively reduced forward voltage and more uniform carrier distribution. 

Then, both experimental and simulated investigations have been conducted on the devices 



XVII 	
  

with Mg doping in the barriers. In this work, the devices with Mg doped barriers show 

reduced forward voltage and improved electrical thermal stability when compared with the 

reference without doping. The mechanism for the superior electrical performance achieved 

in the control devices is due to the reduced depletion length and relatively increased acceptor 

concentration. 

In the second part, based on the standard fabrication process for the three commonly 

used LED structures, which can achieve decent optical and electrical properties, the focus is 

put on the improvement of the mirror performance of the flip-chip structure LEDs. Two 

methods are proposed to improve its property in this thesis. One is the decoupled contact 

mirror, which is realized through two-step deposition method. The ohmic contact is firstly 

formed by depositing and annealing an extremely thin layer of Ni/Ag on top of p-GaN. The 

mirror construction is then carried out by depositing thick layer of Ag/Ti/Au without any 

subsequent annealing. Compared with the conventional mirror fabrication techniques, the 

optical output power is improved by more than 70% at 350 mA without compromising the 

electrical performance. Another method is through modulating the surface component of p-

GaN. We report the improved performance of InGaN/GaN-based LEDs through the design 

and formation of InGaxNyOz interfacial layer, which maintains high reflectivity of silver and 

forms good ohmic contact between pristine silver and p-GaN. The interfacial layer was 

designed and formed by depositing a thin layer of indium tin oxide (ITO) on top of p-GaN, 

followed by thermal annealing to enable the inter-diffusion and inter-mixing of In, Sn, Ga, 

O and N atoms. Both electrical and optical performances of the LED with the optimized 

InGaxNyOz interfacial layer are improved, thus achieving the highest wall-plug efficiency 

compared to those LEDs with common ITO layer or without ITO layers at operation current. 

In the third part, microwall LEDs, which expose different crystal facets, are 
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epitaxially grown by the MOCVD system. GaN microwalls with different morphologies are 

achieved through modifying growth temperature and NH3 flow rate on c-plane sapphire 

substrates, which are characterized by a series of techniques. As indicated from the 

characterization results, the strain is determined by different plane facets, the defects are 

mainly determined by the growth temperature, and the optical quality is determined by both 

of the growth temperature and NH3 flow rate. After the optimization of GaN microwall 

structures, a full structure microwall LED is grown and some preliminary results are 

achieved, which is a good start for future work. 

In summary, the thesis has reported the detailed study on InGaN/GaN-based LEDs 

systematically, from planar structure growth and typical fabrication methods, to novel 

structure design and characterization. The performance of the proposed samples always 

showed superior properties in both optical and electrical aspects. This thesis provides new 

ideas about growth, fabrication and design techniques, which makes a big step forward to 

realize the high efficiency InGaN/GaN-based LEDs.  
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Chapter 1 

 

 

 

Introduction 



2 	
  

1.1   History of InGaN/GaN light-emitting diodes (LEDs)  

Gallium nitride (GaN) was firstly synthesized in powder form by Johnson et al. in 

1932 [1], which was formed through reacting metallic Ga with NH3 gas. After the first 

synthesis of GaN, little attention was paid to this promising optoelectronic material until the 

epitaxial growth technology was developed for which high quality films could be grown on 

appropriate substrates. In 1969, the first GaN film was epitaxially grown by hydride vapor 

phase epitaxy (HVPE) on sapphire substrate [2]. However, the as-grown samples were all 

unintentionally n-doped with electron concentrations ranging from 1018 to 1020 cm-3. The 

most persuasive explanation for the high background doping was the incorporation of oxygen 

atoms during the growth process [3, 4]. In order to achieve p-n junction by GaN material, p-

GaN was required and the magnesium (Mg) was proposed as the p-dopant [5, 6]. Maruska et 

al. grew the first GaN-based LED by HVPE in 1972 with emitting wavelength at 430 nm [7]. 

This result laid the foundation for the modern GaN-based LEDs. During the following two 

decades, GaN film with high crystal quality was required to achieve better performance 

LEDs. However, there was no breakthrough achieved until the appearance of modern growth 

techniques, such as metal-organic chemical vapor deposition (MOCVD). In order to improve 

the crystal quality, a low temperature AlN [8] or GaN [9] buffer layer was  required to grow 

on top of sapphire substrates, after which we could achieve the high-quality GaN. Concerning 

about p-type doping, it was very difficult to detect any positive carriers into GaN during the 

MOCVD growth, and the p-GaN was highly resistive, even a large amount of Mg atoms were 

incorporated. The reason for the above two phenomena were due to the formation of Mg:H 

complexes and high acceptor activation energy [10]. In 1989, Amano et al. [11] happened to 

find the resistivity and hole concentration of as-grown p-GaN was greatly improved after 

treated with low-energy electron beam irradiation (LEEBI) and high-efficiency GaN-based 
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LED was made possible. In 1992, Nakamura et al. [12] achieved p-GaN films using post-

thermal annealing process in N2 ambient. A hole concentration as high as 3×1017 cm−3 was 

achieved with a resistivity of only 2 Ω·cm. These advances led to the realization of the first 

commercial GaN-based p-n junction LED in 1993 [13]. Finally, Nakamura demonstrated 

high-brightness blue, green, and yellow LEDs with InGaN quantum-well (QW) structures in 

1995 [14], which was the basis for the state-of-the-art InGaN/GaN-based LED technology. 

1.2   III-nitride semiconductor materials and LEDs 

Group III-nitride compounds are semiconductors, including aluminum nitride (AlN), 

gallium nitride (GaN), indium nitride (InN), their ternary alloys and quaternary alloys, which 

are the most promising candidates for optoelectronic application. In the following part, 

properties of III-nitride materials, advantages and challenges of III-nitride LEDs are 

discussed in detail.  

1.2.1   Properties of III-nitride materials 

1.2.1.1   Physical properties 

There are three different crystal structures found in III-nitride materials, which are 

zincblende, rock salt and wurtzite structures [15]. Among them, wurtzite structure exists in 

thermal dynamic stable state, which is predominantly used in solid-state lighting applications 

[16, 17]. In order to grow high-quality III-nitride films, the lattice structure for the substrate 

should be coincident and both lattice constant and thermal expansion coefficient should be 

comparable. Besides, properties of substrates, including surface finish, composition, 

reactivity, chemical, thermal, and electrical properties, are important in determining the 

quality of the epitaxial layers [18].  

Below in Table 1.1 shows the commonly used physical parameters for III-nitride 

materials and related growth substrates.  
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Table 1.1 Lattice constants, thermal expansion, thermal conductivity and melting point for 

III-nitride materials, and growth substrates including sapphire, 6H-SiC and Si (111). 

Material 

Lattice 

constant 

[10-10 m] 

Thermal 

expansion 

[10-6K-1] 

Thermal 

conductivity 

[W cm-1K-1] 

Melting 

point 

[K] 

InN 
a=3.54 [19] 5.7 

0.8 1373 [20] 
c=5.705 3.7 

GaN 
a=3.189 5.59 

1.3 2791 [17] 
c=5.185 3.17 

AlN 
a=3.112 4.15 [21] 

2.0 3487 
c=4.982 5.27 [21] 

Sapphire 
a=4.758 [22] 7.5 

3.5 2303 
c=12.991 8.5 

6H-SiC 
a=3.08 4.2 

4.9 3102 
c=15.12 4.68 

Si (111) a111
**=3.84 2.6 1.3 1412 

1.2.1.2   Bandgap properties 

All of III-nitride materials have direct band gap with the value ranging from 0.7 eV 

(InN), through 3.4 eV (GaN) to 6.2 eV (AlN) [23, 24]. The formed ternary and quaternary 

alloys can span the whole visible spectrum, extending into the infrared and ultraviolet (UV) 

region, from 1.7 µm to 200 nm, as shown in Figure 1.1. Therefore, the emitting wavelength 

can be precisely controlled by changing the alloy components, which makes them ideal 

candidates for optoelectronic devices. 
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Figure 1.1 Band gap, emission wavelength and lattice constant of III-nitride semiconductors 

at room temperature. [25] 

	
  

1.2.1.3   Polarization effect 

When the III-nitride semiconductor materials are grown by MOCVD system on the 

above stated substrates as shown in Table 1.1, they crystallize in hexagonal wurtzite phase, 

as shown in Figure 1.2 with GaN as an example. Gallium and nitrogen atoms are arranged 

layer by layer, and thus the spontaneous polarization is generated along the growth direction 

[26]. 
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Figure 1.2 Crystal structures for hexagonal III-nitride semiconductors (GaN), with atom 

arrangement along (a) [0001] and (b) [000-1] directions. [27] 

	
  

Besides the spontaneous polarization, there still exists piezoelectric polarization 

caused by biaxial stress [28]. When grown on bulk GaN substrate, the InGaN has larger 

lattice constant and is under compressive strain, while the AlGaN has smaller lattice constant 

and is under tensile strain, as shown in Figure 1.3. Thus, the piezoelectric polarization is 

generated due to the generation of strain in the growth process. 
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Figure 1.3 Generation of (a) compressive strain for InGaN, and (b) tensile strain for AlGaN, 

when the layer is grown on top of GaN substrate. 

	
  

For both of the spontaneous and piezoelectric polarizations, the polarized charges are 

accumulated at the material interfaces. The direction of internal polarized electric field is 

determined by both the strain and growth direction, which is summarized in Figure 1.4.  

 

Figure 1.4 Surface charges, direction of electric field and polarization field for spontaneous 

and piezoelectric polarizations in III-nitrides with both Ga and N faces. [29] 
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For InGaN/GaN-based multiple quantum wells (MQWs) in our case, thin InGaN is 

inserted between GaN layers and the compressive strain is formed, which results in upward 

polarization. The polarized electric field tilts the energy band, through which the spatial 

overlap of electrons and holes can be decreased, as shown in Figure 1.5 (a), thus the 

recombination rate [30]. If the electric field inside the quantum wells can be decreased, even 

totally eliminated as shown in Figure 1.5 (b), the carrier wave-function overlap can be 

increased and thus the efficiency. 

	
  

Figure 1.5 Schematic band diagrams for (a) polarized and (b) non-polarized InGaN/GaN-

based quantum well along C+ direction. 

	
  

Besides the polar InGaN/GaN-based LEDs grown on c-plane substrates, there still exist semi-

polar and non-polar LEDs, which are grown on semi-polar and non-polar substrates. For InGaN/GaN-

based quantum wells, since the spontaneous polarization effect is almost the same between GaN and 

InN [31], piezoelectric polarization is the main reason causing the electric field inside the 

quantum wells. The polarization intensity strongly depends on the growth orientations, which 



9 	
  

has been reported by Takeuchi et al [28], with the relation as shown in Figure 1.6. When the 

polar angle is 90º, there is no piezoelectric field, which corresponds to non-polar plane. When 

the polar angle is between 0 and 90º, it corresponds to one semi-polar orientation and the 

polarization field can be minimized by adjusting the polar angle. 

	
  

Figure 1.6 Longitudinal piezoelectric field in strained InGaN on GaN with different indium 

components under different polar angles from (0001). 

	
  

1.2.1.4   Doping property  

N-type GaN is realized through Si doping, while p-type GaN is realized by Mg 

doping. However, p-doping is a major obstacle due to the formation of Mg:H complexes and 

the passivation of the Mg dopant [32]. Even though the problem has been solved as 

mentioned previously, the deep acceptor level of Mg (0.125 – 0.215 eV) [33] still results in 
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a low percentage of dopant activation and pronounced temperature dependence of 

conductivity. 

1.2.2   Advantages for III-nitride LEDs 

When compared with the traditional incandescent and fluorescent lighting techniques, 

III-nitride LEDs possess many advantages as discussed below. 

1.2.2.1   High efficiency 

The energy conversion efficiency from electrical to optical is very high for LEDs 

since a photon would emit for each electron injected into the quantum wells in a direct band 

gap semiconductor. Under the condition of perfect crystal quality of semiconductors, no 

phonons would emit, which means no extra energy is wasted on heat generation when 

compared with the traditional incandescent lighting. Figure 1.7 shows the efficiency 

development of the commonly used lighting sources, and the efficiency of white LEDs 

increases rapidly, which has surpassed many of other lighting sources in recent years. 

 

Figure 1.7 Luminous efficiency of different lighting sources. [34] 
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According to the report from department of energy (DOE) [35], lighting technologies 

are responsible for 18% of electricity use in USA, which is approximate 694 terawatt-hours 

in 2010. By applying LED lighting, it indicates that about 20% of electricity consumption in 

2020 and nearly 50% in 2030 can be reduced, as shown in Figure 1.8. 

	
  

Figure 1.8 Total U.S. Lighting Energy Consumption Forecast, 2010 to 2030. [35]   

	
  

1.2.2.2   Long lifespan 

The lifetime of an LED is expected to be around 25000 to 100000 working hours 

[36], much longer than that of both incandescent and fluorescent lightings. Longer lifespan 

can reduce the maintenance and replacement frequency of LED bulbs, and thus the cost for 

lamp fixtures. 

1.2.2.3   Color diversity  

By selecting the proper material, LED can emit light of various wavelengths, from 

infrared, visible to ultraviolet with very high brightness, as mentioned previously. For the 

most commonly used white light LED, it can be realized in the following three methods, 
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phosphor-converted LED, color-mixed LED, and hybrid of previous two methods. A 

schematic generation principle is as shown in Figure 1.9 [37]. 

 

Figure 1.9 Creating white light by three different techniques for LED. [37] 

	
  

1.2.2.4   Compact 

The size of LED chips is at millimeter level, which increases the flexibility of its 

usage, and can be made possible for fitting into hard to reach and compact areas. 

1.2.2.5   High-reliability 

The physical properties of III-nitride materials are very robust and they are expected 

to be used in many harsh environments such as a wider temperature range from -40 to 85 OC, 

with humidity below 65%. 

1.2.3   Applications for III-nitride LEDs 

Owing to advantages as stated above, the III-nitride LEDs have been widely used in 

our daily life for lighting and display purpose, including indoor lighting, building lighting, 

traffic signals, automobile lights and displays, as shown in Figure 1.10 [38-42]. 

Besides the lighting property, LEDs also have many functional properties. As 

emerging applications, they can be used in the field of horticulture [43, 44], which can replace 
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the sunlight through mimicking the color components to make the plants grow faster, as 

shown in Figure 1.11(a). They can also be used in the field of Li-Fi [44], which can 

complement the wireless communication technology, as shown in Figure 1.11(b).  

 

Figure 1.10 Applications of LEDs in indoor lighting, building lighting, traffic signals, 

automobile lights, and displays. [38-42] 

	
  

	
  
 

Figure 1.11 Emerging applications of LEDs used in the fields of (a) horticulture [36] and 

(b) Li-Fi [45].  
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1.2.4   Challenges for III-nitride LEDs 

External quantum efficiency (EQE) is defined by the number of photons emitted for 

each pair of injected electron-hole carriers. In common sense, if we want to increase the 

output power and decrease the cost-per-watt, we would increase the injection current to 

generate more photons for each sample. However, this method is not applicable due to a 

phenomenon called efficiency droop, in which the EQE only peaks at low current and then 

drops substantially with increasing current, while high current is required in many high-

power application fields [46]. Even this obstacle has frustrated this field for decades, the 

exact reasons causing the efficiency droop are still under debate. Many proposals have been 

put forward for discussions, including auger recombination [47], polarized electric field [48], 

electron overflow [49], and inefficient hole injection [50, 51].  

In addition to the efficiency droop, which mainly originates from the internal device 

operation, factors in the fabrication process also affect the performance of LEDs, such as the 

current spreading layer and the reflective ohmic contact. 

Besides the parameters that can be optimized to improve the performance of the 

planar structure LEDs in both growth and fabrication aspects, there are still some intact 

problems that can’t be avoided, such as the polarization charges and limited quantum well 

thickness in the polar InGaN/GaN-based LEDs grown on sapphire substrates.  

1.3   Research motivation and objectives 

In order to maximize the efficiency of the state-of-the-art InGaN/GaN-based LEDs, 

several technological difficulties have to be overcome when designing structures of the 

InGaN/GaN-based LEDs, including the Auger recombination, polarized electric field, 

electron overflow, and low hole injection. 

In addition to the growth process optimization, the efficiency can also be increased 
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through modifying the fabrication parameters during standard fabrication process, such as 

decreasing the contact resistance, increasing the transparency of transparent conductive layer 

(TCL) and the reflectivity of the mirror layer. 

Besides the conventional growth and fabrication techniques, novel structures of 

InGaN/GaN-based LEDs, such as microwall structure, can also be designed, grown and 

fabricated, in which the polarization effect can be alleviated and the thickness of quantum 

wells can be increased due to the strain relaxing in the semi-polar/non-polar facets.  

1.4   Thesis organization 

We have arranged the thesis into seven chapters as follows. 

Chapter 1: This chapter briefs a historical background and general introduction 

about III-nitride LEDs. Properties, advantages and applications for III-nitride LEDs have also 

been briefed to provide a general idea about why we choose this topic. Countering the 

obstacles met in the application process, we proposed corresponding motivations and 

objectives for the thesis considering InGaN/GaN-based LEDs.  

Chapter 2: This chapter describes different physical concepts used in the thesis. 

Firstly, three different recombination mechanisms are described and this concept is most 

essential to LEDs. Then the underlying mechanisms about efficiency droop are elaborated 

after the introduction of the recombination mechanism. The tunnel junction, which is applied 

in the tandem LEDs, is then introduced, which lets us understand the following work better. 

At last, the situation of reflective ohmic contact to p-GaN is discussed.  

Chapter 3: In this chapter, firstly we describe the growth process for planar 

InGaN/GaN-based LEDs through MOCVD system, accompanied by some conventional 

problems met by this method. Then, two ideas are proposed to improve the performance of 

InGaN/GaN-based LEDs during my research work. In the first work, the concept of tandem 
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LEDs is introduced, in which more than one active region is connected by tunnel junctions 

and proves to be effective to improve LED performance. In the second work, the quantum 

barriers of InGaN/GaN-based LEDs are doped with Mg, which results in reduced forward 

voltage and increased electrical thermal stability. 

Chapter 4: In this chapter, we firstly introduce the fabrication process for the three 

typical device structures. Based on the fabricated devices, reflective ohmic contact is required 

for both flip-chip and vertical structure LEDs, and two methods are proposed to improve 

their performance. In the first work, a decoupled mirror deposition method is discussed which 

can realize the ohmic contact by thin Ni/Ag annealing and maintain the high reflectivity of 

intact silver. In the second work, the surface of p-GaN is modified by combining with ITO 

elements through high-temperature annealing, and best wall-plug efficiency is achieved at 

operation current through optimizing the InGaxNyOz interfacial layer. 

Chapter 5: Before studying how the microwall structure can improve the efficiency 

droop of InGaN/GaN-based LEDs, this chapter introduces some preliminary work about GaN 

micromicrowall growth, in which different morphologies of GaN structures are achieved by 

modulating the growth parameters, accompanied by some related characterization results. 

Then, some basic results are achieved for the as-grown micromicrowall LEDs, which is a 

good start for the future work in this field. 

Chapter 6: This chapter gives the conclusions for all the work included in this thesis 

and presents prospective for the future work. 

Appendix A: The first part of this chapter introduces the general information about 

MOCVD growth, including the precursors, system design and growth mechanism. The 

second part of this chapter describes some characterization techniques, including scanning 

electron microscopy (SEM), atomic force microscopy (AFM), high-resolution x-ray 
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diffraction (HRXRD), photoluminescence (PL), Raman spectroscopy, x-ray photoelectron 

spectroscopy (XPS) and secondary ion mass spectroscopy (SIMS), etc. The last part of this 

chapter gives us a simple introduction about APSYS simulation methodology. 
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Chapter 2 

 

 

 

Physical Phenomena and Concepts for LEDs
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In this chapter, some physical concepts, which are used in the thesis, will be described. 

When it comes to the efficiency droop, the recombination mechanism is required to be 

understood firstly. The tunnel junction is also necessary to improve the performance of LEDs 

and the underlying physical properties of the tunnel junction will be introduced here. As 

stated in the first chapter, as the thesis is focused on the final performance of LEDs, reflective 

ohmic contact to p-GaN is critically important during the fabrication process, which will also 

be explained.   

2.1   Recombination mechanism in LEDs 

There are mainly three kinds of recombination mechanism in the LEDs, which are 

radiative recombination, Shockley-Read-Hall (SRH) recombination and Auger 

recombination. The processes for each of them will be described in the following part.	
  

2.1.1   Radiative recombination  

Radiative recombination means that light will be emitted after the recombination of 

electrons and holes in the LEDs. The recombination process is illustrated in Figure 2.1(a). 

The energy of the emitted photons equals to the energy band gap of the semiconductors. 

Since one pair of electron and hole is involved in the recombination process, the radiative 

recombination  rate is expressed as equation 2.1 [29]: 

𝑅$%&'%(')* = 𝐵𝑛.   (2.1) 

where B is the radiative recombination coefficient and n is the carrier concentration,  
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Figure 2.1 Lattice models for (a) radiative recombination and (b) non-radiative 

recombination. [29]   

 

2.1.2   Shockley-Read-Hall (SRH) recombination 

Competing with radiative recombination, InGaN/GaN-based LEDs suffer from SRH 

recombination [29]. This kind of recombination mainly originates from defects. During the 

SRH nonradiative recombination process, the recombination energy is converted to vibration 

of lattice atoms instead of photons, as shown in Figure 2.1(b). The SRH recombination rate 

is given in equation 2.2: 

𝑅/$0	
   = 𝐴𝑛   (2.2) 

where A is the SRH recombination coefficient and n is the carrier concentration,  

 

2.1.3   Auger recombination  

Auger recombination is another important nonradiative recombination mechanism. 

In the Auger recombination process, the recombination of carriers will generate energy 

instead of photons and the energy will be used to excite a free electron into the conduction 

band or a hole into the valence band [29]. Since there are three carriers involved in this 

recombination process, the recombination rate is expressed as equation 2.3 [52]: 
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𝑅234*5 = 𝐶𝑛7   (2.3) 

where C is the Auger coefficient and n is the carrier concentration.  

2.2   Efficiency droop in LEDs 

As discussed previously, efficiency droop means that the EQE peaks only at low 

current density and then starts to decline when the current increases [52]. In this part, the 

mechanism of efficiency droop will be described.  

The EQE is defined by the product of the light extraction efficiency (LEE) and the 

internal quantum efficiency (IQE), where the LEE is constant for a definite structure. When 

we talk about the total recombination rate [52, 53], we have: 

𝑅(8(%9 = 𝐴𝑛 + 𝐵𝑛. + 𝐶𝑛7 + 𝑘(𝑛 − 𝑛>)@ + 𝑓(𝑛)   (m>2)   (2.4) 

where A is the SRH non-radiative recombination coefficient, B is the radiative recombination 

coefficient, C is the Auger recombination rate, k is the non-radiative loss mechanism 

accounting for the carrier delocalization and f (n) is  the carrier leakage.  

From the recombination mechanism, the IQE can be calculated through equation 2.5, 

IQE =
𝑅5%&'%(')*
𝑅(8(%9

=
𝐵𝑛.

𝐴𝑛 + 𝐵𝑛. + 𝑘(𝑛 − 𝑛>)@ + 𝑓(𝑛)

=
𝐵

𝐴
𝑛 + 𝐵 + 𝑘(𝑛 − 𝑛>)

@E. + 𝑓(𝑛)/𝑛.
	
   

                                                                                                             (m>2)    (2.5) 

As indicated from equation 2.5, the IQE is influenced by SRH recombination, the 

Auger recombination and the other recombination. Since the coefficient A is much larger 

than C and k, the effect of the Auger recombination and the other recombination become 

negligible at low current, and the value of IQE increase with the increasing carrier density. 

However, when the carrier concentration increases much, the Auger recombination and the 
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other recombination start to dominate and the SRH recombination can be neglected when 

compared with them. Under this condition, the IQE will decrease with further increasing the 

current density and so will the EQE. 

2.3   Tunnel junction in LEDs 

Tunnel junction, which is also called tunnel diode here, is composed of heavily doped 

p- and n- semiconductors [54]. In this thesis, it is composed of heavily doped p-GaN and n-

GaN. When the tunnel junction is reversely biased, carriers will tunnel through the junction. 

In LEDs, it can be used to replace p-GaN, since it is much easier to realize ohmic 

contact for heavily doped n-GaN [55]. When it is used to connect different active regions, 

the function of the tunnel junction is to draw electrons from the valence band of the p-type 

material into the n-type material through the inter-band tunneling, and holes in the valence 

band on the p-side into the active region [56]. Thus, the carriers can be repeatedly used and 

eventually increase the efficiency of LEDs.  

2.4   Reflective ohmic contact in LEDs 

In order to achieve high performance InGaN/GaN-based LEDs, it is critically 

important to form low-resistance ohmic contact for them because larger voltage drop across 

GaN/contact interface will greatly decrease their stability [37]. To achieve ohmic contact, the 

barrier height between GaN and contact should be small, or the GaN should be heavily doped, 

by the means of which, the carriers can pass through the barriers more easily. 

The barrier height is determined by the workfunction between GaN and contacts. For 

n-GaN, the ohmic contact can be formed when the workfunction of metals is smaller than 

that of the n-GaN, so there are a lot of choices. For p-GaN, the ohmic contact can be formed 

only when the workfunction of metals is larger than that of p-GaN. However, this is very 

difficult to realize since the workfunction of p-GaN is much larger than those of the most 
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metals. Furthermore, due to the large activation energy of Mg dopant in p-GaN, the doping 

concentration is always limited and the tunneling of holes become difficult.  

In order to realize the ohmic contact with p-GaN, a lot of techniques have been 

applied, including surface treatment and annealing. In addition to ohmic p-contact, reflective 

contact is required for flip-chip and vertical LEDs, and it is difficult to maintain the high 

reflectivity and realize ohmic contact at the same time. In this thesis, new methods are 

proposed to maintain high reflectivity and low-resistance ohmic contact simultaneously to 

realize high performance InGaN/GaN-based LEDs.  
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Chapter 3 

 

 

 

Epitaxial Growth and Designs of InGaN/GaN 

LEDs 
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In this chapter, we will study the design and growth of InGaN/GaN-based LEDs, 

which are realized through MOCVD technique. Firstly, the epitaxial growth procedure for 

InGaN/GaN-based LEDs through MOCVD system is briefed. Then, LEDs with different 

designs will be studied both experimentally and theoretically. For the tandem LEDs, 

theoretical study is conducted and improved performance is demonstrated, which is attributed 

to increased carrier concentration and relatively reduced forward voltage. Besides the 

theoretical study of tandem LEDs, the LEDs with Mg doping in the quantum barriers are 

studied in both experimental and theoretical aspects. Reduced forward voltage and increased 

electrical thermal stability are observed, which are caused by decreased depletion length at 

equilibrium and relatively improved acceptor concentration.  

3.1   Epitaxial growth techniques using MOCVD 

3.1.1    Epitaxy with MOCVD 

During the growth process, the sapphire was chosen as the substrate for III-nitride 

materials growth. Before the substrates were loaded, the chamber was cleaned by H2 at high 

temperature. Then, nitridation was initiated on top of sapphire substrates by the flowing NH3, 

and the resulted AlN or AlOxN1-x was formed as strain relaxation layer [57], hence facilitating 

the formation of the following low temperature nucleation layer. Later, a high temperature 

unintentionally doped GaN buffer layer was grown, which was followed by Si-doped n-type 

GaN. During the process stated above, TMGa was the precursor for Ga, NH3 was the 

precursor for N, SiH4 was used for Si dopant and H2 was the carrier gas. Then the InGaN/GaN 

multiple quantum wells (MQWs) were grown, during which process the carrier gas was 

switched to N2, the Ga precursor was switched to TEGa and the temperature was decreased 

to enhance the indium incorporation. After the growth of MQWs, the carrier gas was 

switched back to H2 and the Ga precursor was changed back to TMGa. For the growth of p-
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type AlGaN electron-blocking layer (EBL), TMAl provided Al source and Cp2Mg provided 

Mg dopant. P-type GaN was grown after EBL, followed by a thin layer of highly p-doped 

GaN, which was the capping layer to make the ohmic contact easier. After all the growth 

process, the samples were annealed in N2 atmosphere at 700 ℃ to activate the Mg dopant 

since its activation energy was very high. The detailed growth parameters are as listed in 

Table 3.1, in which T is the thermocouple reading in the susceptor. The as-grown epi-wafer 

consists of un-doped GaN buffer layer, 2 µμm thick n-GaN with doping concentration of 

5×10.L	
  𝑚E7, eight pairs of In0.15GaN0.85/GaN quantum wells, with the thicknesses of the 

barrier and the well being 12 nm and 3 nm, 15 nm thick Al0.2Ga0.8N electron blocking layer, 

with p-doping concentration of 3×10.7	
  𝑚E7 and 200 nm thick p-GaN layer with doping 

concentration of 3×10.7	
  𝑚E7. 

Table 3.1 Growth parameters during the whole process for all the layers 

Parameter Carrier T 
(℃) 

Pressure 
(mbar) Ga N In Al Si Mg 

Bake H2 1270 150       

Nitridation H2 693 600  NH3     

Nucleation H2 693 600 TMGa NH3     

Un-doped H2 1281 675 TMGa NH3     

N-GaN H2 1281 250 TMGa NH3  SiH4   

QB N2 999 340 TEGa NH3     

QW N2 939 340 TEGa NH3 TMIn    

EBL H2 1220 100 TMGa NH3 TMAl   Cp2Mg 
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P-GaN H2 1180 160 TMGa NH3    Cp2Mg 

3.1.2   Wafer-scale epitaxial material characterization 

Figure 3.1 (a) shows the as-grown epi-wafer for InGaN/GaN-based LEDs and the 

appearance after it is lighted up. From this figure, we can see the surface is quite smooth and 

it can be lighted up at any point. Besides the appearance, Figure 3.1 (b) presents the 

electroluminescence spectrum for the as-grown sample. The wavelength peaks at 449 nm and 

the FWHM is 18.4 nm which indicates good quality of the epi-wafer [58]. The optical output 

power and EQE are as shown in Figure 3.1 (c), while the efficiency peaks at 15%  

	
  

Figure 3.1 (a) Typical as-grown InGaN/GaN-based LED epi-wafer achieved in my work, and 

the appearance after it is lighted up, (b) electroluminescence spectrum for the grown sample 

and (c) the wafer-scale output power and EQE versus current. 
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Figure 3.2 (a) shows the thickness mapping, which measured the thickness of the epi-

wafer using optical interference. Figure 3.2 (b) shows the peak wavelength mapping, which 

gives us an idea about the distribution of peak wavelength over the entire wafer. The 

uniformities of both the thickness and the peak wavelength are acceptable. 

	
  

Figure 3.2 (a) wafer thickness and (b) PL peak wavelength mapping. 

	
  

Figure 3.3 shows the HRXRD rocking curve (RC) for both the symmetric (002) and 

asymmetric (102) reflecting planes. The FWHM of the RC for the symmetric (002) reflecting 

plane only reflects the screw and mixed-type dislocations with the value of 0.08 degree, while 
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the FWHM for the asymmetric (102) reflecting plane corresponds to all threading 

dislocations with the value of 0.09 degree [59, 60]. The small values indicate their superior 

quality when compared with InGaN/GaN-based LEDs grown by other groups [61, 62].  

	
  

Figure 3.3 HRXRD rocking curves for LEDs along (a) the symmetrical (002) and 

asymmetrical (102) reflection planes. 

	
  

Even though the material quality of the as-grown samples is well above the 

acceptance level of common device requirements, there are still large room to further 

improve the performance of the InGaN/GaN-based LEDs. Optical property, which is affected 

by the efficiency droop, is one of the biggest obstacles for the development of high-brightness 

and high-efficiency LEDs [63-67]. Besides the efficiency droop, the electrical property is 

also one of the key parameters that affect the performance of InGaN/GaN-based LEDs. 

In the following part, we will introduce two designs of structures, which will improve 

both of the optical and electrical properties of InGaN/GaN-based LEDs. 

 

3.2   Epitaxial design using tandem LEDs with tunnel junction  

3.2.1   Introduction  



30 	
  

LEDs have achieved widespread applications in recent years, but their efficiency 

decreases significantly at high power operation, which hinders the penetration of high power 

LEDs into the general lighting markets. Tandem LEDs have more than one active regions 

which are connected by tunnel junctions in series [68]. They have the potential to achieve 

high output power through high voltage instead of high current, which can help alleviate the 

efficiency droop [68]. In this work, the performance of the tandem LEDs is studied by 

APSYS simulation and compared with the traditional LEDs. An extraordinary efficiency 

improvement is observed and the mechanisms for the improvement are analyzed. 

3.2.2   Modeling 

APSYS software is based on the drift-diffusion model, which solves Poisson 

equation, continuity equation and Schrödinger equation self-consistently.  

The Auger recombination coefficient was set as 1× 10-30 cm6s-1 and the band offset 

between the conduction and valence band was set as 0.7:0.3. Considering the crystal 

relaxation, 40% of the theoretical polarization charge was assumed. All the parameters were 

set according to the experimental conditions [69]. For the tandem LEDs, two active regions 

were connected by the tunnel junction. For each active region, it was composed of three 

quantum wells, with the thicknesses of the barrier and the well being 12nm and 3nm 

respectively. For the tunnel junction, doping concentrations of both n-GaN and p-GaN in the 

normal tunnel junction were 1× 1027 m-3, and the thickness of both n-GaN and p-GaN was 

20 nm. For the InGaN tunnel junction, a 3 nm thick In0.15Ga0.85N layer was inserted between 

the n-GaN and the p-GaN. The details of the simulated structures can be seen in Figure 3.4(a). 

The other parameters can be found in the related reference [70]. 

3.2.3   Results and discussions 

Figures 3.4 (b) and (c) show the calculated results of the output power and the forward 
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voltage for all the simulated devices. In the figures, reference, TJ and TJ with InGaN stand 

for the traditional LED, the tandem LED with the normal tunnel junction, and the tandem 

LED with the InGaN tunnel junction, respectively. As shown in Figure 3.4 (b), the output 

power densities at 100 A/cm2 for the three devices are 74.5 W/cm2, 220 W/cm2 and 236 

W/cm2, respectively. The values for the tandem LEDs are more than three times of the 

traditional LED, though the active regions are just double in volume. The tandem LED with 

the InGaN tunnel junction has even better performance. From Figure 3.4 (c), the forward 

voltage at 100 A/cm2 for the traditional LED is 5.76 V, while the value is 9.98 V for the 

tandem LED with TJ and 9.94 V for the tandem LED with InGaN TJ, respectively. According 

to Figure 3.4 (b) and Figure 3.4 (c), the efficiencies for the three devices are 12.93%, 22.04% 

and 23.74%, respectively. The possible reasons for the efficiency improvement include 

reduced forward voltage per active region and improved carrier distribution uniformity. As 

can be seen, the forward voltage per active region for the tandem LEDs is 4.99 V and 4.97 

V, respectively, which is lower than the 5.76 V of the traditional LED. This is due to the 

nature of the tunnel junctions, which can reduce the voltage drop when two active regions 

are connected in series. The improved carrier distribution uniformity in the tandem LEDs is 

analyzed in the following. 
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Figure 3.4 (a) Schematic device structures for simulation, (b) output power density and (c) 

forward voltage vs. current density for all the simulated devices. 

	
  

The distributions of carrier concentration are illustrated in Figure 3.5. Electron 

concentration of the reference in Figure 3.5 (a) is not uniform, much higher in the last well 

and lower in the first well. However, the distribution of electron concentration is more 

uniform for the tandem LEDs as shown in Figure 3.5 (b) and 3.5 (c). The distribution 

characteristics for the hole concentration are quite similar. Higher internal quantum 

efficiency can be promoted by the more uniform carrier distribution which helps alleviate 

Auger recombination rate and electron leakage, and generate light from a larger effective 

recombination volume. The difference between the tandem LEDs with different tunnel 

junctions appears mainly in the last quantum well in the second active region. For the tandem 
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LED with InGaN-based tunnel junction, both the electron concentration and the hole 

concentration are higher in the last well which is caused by the higher transmission 

probability of the tunnel junction which will be explained in the following. 

	
  

Figure 3.5 Distribution of carrier concentration at current density of 100 A/cm2: electron 

concentration for the whole structure (a), first active region (b), and second active region(c), 

hole concentration for the whole structure (d), first active region (e), and second active region 

(f). 

	
  

Since the insertion of InGaN between heavily doped tunnel junctions can generate 

polarization charges due to piezoelectric polarization, the electric field in the tunnel junction 

is greatly enhanced when compared with the GaN tunnel junction, as shown in Figure 3.6. 

Tunneling probability is therefore significantly increased by the enhanced electric field in the 

tunnel junction  [71].  
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Figure 3.6 Electric field profile calculated across the tunnel junction from p+-GaN. 

	
  
Even through the tandem LEDs show superior performance in the theoretical studies, 

it is difficult to present such better performance in experimental results since heavily p-

doping is not easy to realize due high activation energy of Mg dopant. If p-doping 

concentration can be enhanced further, the tandem LEDs will become very promising in the 

application of high efficiency LEDs.   

3.2.4   Conclusions 

In conclusion, we have proposed the tandem LEDs, which consist of more active 

regions and investigated their property numerically. Substantial improvement of the 

efficiency has been achieved when compared with the traditional LED. The reduced forward 

voltage per active region and the more uniform carrier distribution are the reasons behind the 

improvement. We also compared tandem LEDs with different junctions, and it shows that TJ 

with InGaN has larger tunneling possibility and enhances the performance further. 

3.3   Epitaxial design using doped barriers 

3.3.1   Introduction  
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During the last few decades,  due to many advantages such as long lifetime, durable 

quality and high efficiency, InGaN/GaN-based LEDs have achieved widespread applications 

in many aspects, such as general lighting, LCD backlights and automobile lighting [72]. 

However, plenty of research in this field was focused on their optical properties in the last 

few years, and the investigation on electrical properties is not conducted carefully [73, 74]. 

As one of the most important parameters, worse electrical property can directly lead to more 

heat generation, which will cause the degradation of LED performance and the decrease of 

the wall-plug efficiency simultaneously [75]. Besides, studies on the electrical properties can 

help to uncover the inherent physics of LED devices [73, 76]. For example, the capacitance-

voltage (C-V) characteristics can be used to reveal the depletion region widths at various 

biases [77]. Besides, it has been reported that Mg doping in the quantum barriers is promising 

to improve the LED external quantum efficiency effectively [78]. However, the impact about 

how the Mg doping in the quantum barriers affects the electrical property is not fully studied 

yet. 

In this work, we compare the electrical characteristics of InGaN/GaN-based LEDs 

for the sample with Mg doping in the barriers and the reference without Mg doping in 

barriers. The mechanism for the reduced turn-on voltage and improved thermal stability is 

studied and analyzed through capacitance-voltage characteristics and self-consistent 

simulation. 

3.3.2   Experiments 

The LED epi-layers were grown on c-plane sapphire substrates by metal-organic 

chemical vapor deposition (MOCVD) system, with schematic diagrams as illustrated in 

Figure 3.7. For LED A, the growth was initiated on a 30 nm-thick GaN nucleation layer [71]. 

Then, a 2-µm-thick undoped GaN was grown as the buffer layer, which was then followed 
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by a 4-µm-thick n-doped GaN layer with an electron concentration of 5×1018 cm-3. Then, 

four pairs of In0.15Ga0.85N/GaN quantum wells were grown and the thicknesses of quantum 

barriers and quantum wells were 12 nm and 3nm, respectively. Finally, a p-type electron 

blocking layer (EBL) of 20-nm-thick Al0.15Ga0.85N was grown and it was then capped by a 

200-nm-thick p-type GaN with a hole concentration of 3×1017 cm-3. After the growth, LED 

A was annealed at the temperature of 700 ℃ in N2 ambient to activate p-type dopants. LED 

B is the proposed sample with Mg doping in the quantum barriers, the growth of which was 

the same as LED A except that the middle 6 nm region in each quantum barriers was doped 

by Mg dopants with a doping concentration of 3×1017 cm-3. The structure for selectively Mg 

doping in each quantum barrier was to suppress the Mg diffusion into quantum wells. After 

epitaxial growth, both LED A and LED B were fabricated into standard LED chips. Ni (5 

nm)/Au (5 nm) layer was deposited and annealed firstly which acted as the current spreading 

layer. Then, the mesa area with the size of 1 mm×1 mm was obtained by inductively coupled 

plasma (ICP) etching, and Ti/Ag/Ti/Au was deposited as electrodes for both n and p contacts. 

Then, the current-voltage characteristic was measured by the SC-200-mm prober station, and 

the temperature was controlled by the hot plate in the range from 25 ℃ to 150 ℃. The 

capacitance-voltage characteristic was also measured by the SC-200-mm prober station, with 

the AC signal voltage of 20 mV and frequency of 1 MHz. 
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Figure 3.7 Schematic diagrams for studied LED structures, in which LED A is the reference 

and LED B is the sample with Mg doping in the quantum barriers. 

	
  

Furthermore, in order to reveal the physical insights, we also performed numerical 

simulations by APSYS software, which self-consistently solves the Poisson equation, 

continuity equation and Schrödinger's equation with proper boundary conditions. In our 

simulation, the Auger recombination coefficient is taken to be 1×10-30 cm6s-1 [79] and the 

SRH lifetimes for both electron and hole are 43 ns [79, 80]. The polarization charge is set as 

40% of theoretical value due to crystal relaxation [11]. The other parameters can be found in 

the reference [70].  

3.3.3   Results and discussions 

Figure 3.8 (a) shows the experimental I-V characteristics for both devices measured 

under different temperatures. Here, we choose the current of 20 mA as the reference for 

electrical analysis. The forward voltage at room temperature for LED A is 3.37 V and for 

LED B is 2.95V, which means the voltage is decreased by 0.42 V for LED B. For the 

temperature dependent I-V curve, temperatures are chosen as 25°C, 50 °C, 75 °C, 100 °C, 

and 150 °C. The forward voltages for LED A at different temperatures are 3.37, 3.26, 3.15, 

3.04 and 2.86 V respectively, while the values for LED B are 2.95, 2.88, 2.82, 2.76 and 2.63 

V respectively. The decreasing values of the forward voltages are 0.11, 0.11, 0.11 and 0.18 
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V with increasing temperature for LED A, while those of LED B are 0.07, 0.06, 0.06 and 

0.13 V respectively. Thus, we can conclude the thermal stability of electrical property is 

better for LED B than that for LED A. The reduced forward-voltage and improved thermal 

stability for LED B will be explained as follows. 

	
  

Figure 3.8 I-V characteristics under temperatures from 25 °C to 150 °C for (a) LED A and 

(b) LED B. 

	
  

Figure 3.9 (a) shows the capacitance-voltage characteristics for both samples at room 

temperature. At zero bias voltage, the capacitance of the LEDs is mainly composed of the 

junction capacitance, which can be expressed as 

/C A Lε=  ,     (3.1) 

in which ε represents the permittivity with the value of 8.5 ε0, A is the area of the junction 

with the value of 1×1 mm2, and L is the length of the depletion region [77]. From the 

experimental data based on Figure 3.9 (a), the junction capacitance is 0.94 nF for LED A, 

and 2.98 nF for LED B. Then we can calculate the depletion length based on equation 3.1, 

which is 76.5 nm for LED A and 23.7 nm for LED B. In the simulation, the voltage was set 

at 0.1 V, which could be compared with zero bias. The depletion length was extracted from 

the calculated capacitance at 1 MHz which is 76 nm for LED A and 33 nm for LED B. The 

trend for the change of the depletion length is consistent with the experimental results. From 
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Figure 3.9 (a), we can also see that the capacitance starts to decrease when the voltage 

increases to a certain value and even becomes negative when the forward voltage is large 

enough. The decrease of capacitance is caused by the carriers’ recombination in the quantum 

wells [81], and the voltages at peak capacitances for both samples are 2.65 V and 2.26 V, 

respectively. The difference between the carriers’ recombination onset voltages for the two 

samples is similar with the difference between the forward voltages at 20 mA, which is a 

direct evidence for the reduced forward voltage. Since the doping concentration in n-GaN is 

much higher than that in p-GaN, the LED can be treated as a model of donor and acceptor 

doping with concentration 
DN  on the n+-side and 

AN  on the p-side, respectively. The acceptor 

concentration, 𝑁2, can be calculated by the following equation [82],  

1

2 2

2 1 /AN d dV
eA Cε

−
⎡ ⎤⎛ ⎞= − ⎜ ⎟⎢ ⎥
⎝ ⎠⎣ ⎦

, if  𝑁O ≫ 𝑁2,      (3.2) 

in which C is the measured capacitance, V is the forward voltage and the meaning of other 

parameters can be found above. The acceptor doping concentration is 1.75×1022 m-3 for LED 

A, and 1.22×1023 m-3 for LED B, which are resulted from the calculation. When 𝑁O ≫ 𝑁2, 

the equation for the diffusion voltage can be expressed as equation 3.3 [29], 

2

2
D

D A
W

V N
ε

= ,      (3.3) 

in which
DV  is the diffusion voltage, 

DW  is the depletion length and 
AN is the acceptor 

concentration. After we substitute both values into equation 3.3, the following relation can 

be achieved, while the subscript 1 and 2 denote LED A and LED B.  

1 2D DV V> ,      (3.4) 

Figure 3.9 (b) shows the simulated I-V characteristics for both samples at room 

temperature, from which we can see that the forward voltage is also smaller for the proposed 
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Mg doped sample, and this is consistent with the shown experimental results. 

 

Figure 3.9 (a) Capacitance-Voltage characteristics, and (b) simulated I-V characteristics for 

both samples at room temperature. 

	
  

Figure 3.10 depicts the forward voltage vs temperature under different injection 

currents. The dashed lines are linear fit for all the experimental results. According to the 

reference [83], a linear relationship between the junction temperature and forward voltage is 

found, while  

2

( 2 ) 3ln( )
( )

f D A

C V

dV N Nk T T k
dT T N N ee T

α β
β
+

≈ − −
+

,      (3.5) 

in which k is the Boltzmann constant, T is the temperature, ,α β  are constants, ,C vN N  are 

effective density of states, and ,D AN N  are donor and acceptor concentrations. ,C vN N  are 

determined by the temperature [84]. Equation 3.5 is a lower limit for the magnitude of 

fdV dT , because the junction voltage is less than the built-in voltage in all practical cases 

[84]. According to the donor-acceptor model mentioned previously, they have the same 

donor concentration and the acceptor concentration is larger in the Mg doped sample. The 

value of 
fdV dT should be larger in LED B. From Figures 3.10 (a) and (b), the temperature 
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coefficients of the forward voltages at low current are -4.17 mV/K and -2.72 mV/K for LED 

A and LED B, repsectively, which is consistent with the analysis. 

 

	
  

Figure 3.10 Measured forward voltage at different injection currents vs hot plate temperature, 

for (a) LED A and (b) LED B, with the dashed lines as linear fit for all the experimental data. 

	
  
3.3.4   Conclusions 

In conclusion, InGaN/GaN-based LEDs with Mg doped barriers have been prepared 

and the improved electrical performance was realized and investigated. Temperature 

dependent I-V characteristics and C-V characteristics were analyzed and decreased depletion 

length was observed in the proposed sample. A donor-acceptor model was proposed and 

increased acceptor concentration was achieved. Based on the above analysis, our results offer 

meaningful physical insights on the mechanism how the Mg doped barrier affects the 

electrical performance of InGaN/GaN-based LEDs. 

3.4   Summary  

In summary, this chapter has studied the growth and design of InGaN/GaN-based 

LEDs. The growth procedure and material quality for our epi-wafer were introduced and 

characterized. After the growth procedure, two kinds of structures were designed. The first 
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structure was tandem LEDs in which more than one active regions were connected by tunnel 

junctions. In this structure, substantial improvement of the efficiency was achieved when 

compared with the traditional LEDs. The reduced forward voltage per active region and more 

uniform carrier distribution were the reasons behind the improvement. We also compared 

tandem LEDs with different junctions, and it showed that TJ with InGaN had larger tunneling 

possibility and enhanced the performance further. In another structure, the quantum barriers 

were doped with Mg and electrical performance was improved. Both of the reduced turn-on 

voltage and improved electrical thermal stability were attributed to the reduced depletion 

length at equilibrium and relatively increased acceptor concentration. 
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Chapter 4 

 

 

 

Fabrication and Device Designs of LEDs 



44 	
  

In this chapter, LED chips with different configurations are fabricated, and their 

properties and applications are firstly described. Then, the focus is on the study of the 

reflective ohmic contact (mirror) to p-GaN, which can be applied in both flip-chip and 

vertical LED structures, and two different fabrication techniques are proposed and 

investigated to improve the LED performance. The first method to optimize the contact 

mirror is realized through a contact-mirror decoupled deposition, while the second method is 

achieved by engineering the InGaxNyOz interfacial layer between the contact mirror and the 

p-GaN, both of which are promising to realize the good ohmic contact and maintain high 

reflectivity of pristine silver mirror. 

4.1   Device structure fabrication and characterization  

4.1.1   Device fabrication 

After InGaN/GaN-based LEDs are epitaxially grown on the sapphire substrates in 

MOCVD system, they will be fabricated into separate chips with various structures using 

standard processing techniques. The fabrication process defines the active light emission area 

and prepares metal electrodes in contact with the n-GaN and p-GaN. According to their light-

emitting areas and contact geometries, there are mainly three kinds of structures existed in 

the market, which are top-up structure, flip-chip structure and vertical structure LEDs. 

Figure 4.1 shows the fabricated top-up structure LEDs and Figure 4.2 presents us the 

fabrication process flow. During the fabrication process, firstly a transparent conductive layer 

(TCL) was deposited on top of p-GaN to spread the current uniformly, since the conductivity 

of p-GaN is poor caused by high acceptor activation energy of Mg [85]. Then the area of 

mesa was patterned by photolithography and etched by inductively coupled plasma (ICP) to 

expose the n-GaN for n-electrode deposition. After the etching process, electrodes for both 

of n-GaN and p-GaN were deposited. For this type of LED structure, the fabrication process 



45 	
  

is simple and the cost is low. However, there are many disadvantages as stated below. First, 

since both n-electrode and p-electrode for GaN contact are on the same side and n-GaN is 

much more conductive than p-GaN [86], the current crowding effect is very easy to happen. 

More heat will be generated in a small region, which limits the device performance under 

high driving current. Besides, sapphire substrate has poor heat conductivity, thus resulting in 

heat accumulation, and degrading the device performance further [87]. The fabricated chips 

with top-up structure occupied most of shares in the market since the fabrication cost is 

cheap. This kind of LEDs is designed for medium power demand due to the limitation of 

current crowding effect and thermal effect [29]. 

 

Figure 4.1 Schematic structure of top-up structure LED. 

	
  

 

Figure 4.2 Process flow for top-up structure LED fabrication. 

	
  

Figure 4.3 shows the fabricated flip-chip LED structure and Figure 4.4 shows the 
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correspondence fabrication process flow. Different from the top-up structure, the reflective 

mirror contact was deposited on top of p-GaN. In this case, the photons were reflected by the 

mirror and extracted out from the backside. The soldering process made contact for LEDs 

with flip-chip structure. When compared with the top-up structure, the lighting area was 

increased and the heat dissipation ability was enhanced due to the better thermal conductivity 

of the bonded substrate. The flip-chip structure LEDs tend to provide customs products with 

high power, medium cost and best reliability. 

 

Figure 4.3 Schematic structure of flip-chip structure LED. 

	
  

 

Figure 4.4 Process flow for flip-chip structure LED fabrication. 



47 	
  

	
  

As shown in Figure 4.5 is the vertical structure LED. Similarly, Figure 4.6 presents 

the simplified fabrication process. From the process flow, we can see the mirror was 

deposited firstly on top of p-GaN, which served the same function as that in flip-chip LED 

structure. Then the bonding process was prepared and conducted to make the new substrates 

for LED devices, which were usually made of copper or silicon. After the new substrate was 

formed, the sapphire substrates were removed by the laser lift-off process, during which 

excimer laser would decompose the GaN at the interface between GaN and sapphire. After 

the sapphire removal, the buffer layer of un-doped GaN was etched out by ICP and the 

exposed n-GaN was textured by KOH to increase the light extraction efficiency (LEE). At 

last, the contact was deposited on top of n-GaN, while the new substrate, which was made of 

conductive material, acted as p-contact. When compared with top-up structure LED and flip-

chip structure LED, the current crowding effect is avoided since the contacts are distributed 

vertically. Besides, the sapphire substrate, which processes low thermal conductivity 

property, is removed and the heat dissipation ability is greatly improved. Since the thickness 

of n-GaN is much larger than that of p-GaN, the texture process was more promising for the 

vertical LEDs and the LEE will be greatly improved. However, for the fabrication process, 

the vertical LED underwent more steps and the yield pass rate was low, which resulted in 

higher fabrication cost. In the market, only limited companies can produce vertical LEDs, 

which oriented to high-power applications.  
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Figure 4.5 Schematic structure of vertical structure LED. 

	
  

 

Figure 4.6 Process flow for vertical structure LED fabrication. 

	
  

4.1.2   Device characterization  

As shown in Figure 4.7 are the characterization results for top-up structure LEDs. 

Figure 4.7 (a) shows the appearance of the fabricated chips, while the left one is before and 

the right one is after being lighted up. Both of the beautiful appearance of the fabricated 

device and uniform light distribution over the entire die are observed, which demonstrated 

our superior fabrication capability. Figure 4.7 (b) shows the current-voltage characteristics 

and the forward voltage is 3.0 V at an injection current of 20 mA. Figure 4.7 (c) shows the 
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optical output power and EQE for top-up structure LEDs, from which we can see the EQE 

peaks at 13%, while the efficiency droop is quite severe, which is due to the intrinsic 

problems of epi-wafers and the thermal effect. 

 

Figure 4.7 (a) the appearance of fabricated device with top-up structure, before and after 

being lighted up, (b) I-V characteristics, (c) output power and EQE for the fabricated device. 

	
  

As shown in Figure 4.8 are the fabrication results for flip-chip structure LEDs. Figure 

4.8 (a) shows the appearance of the fabricated chips, as left one is before and right one is 

after being lighting up. Since the contact for flip-chip structure LEDs is on the front and the 

light extraction is on the backside, the front image does not show patterns after the device is 

lighted up. Figure 4.8 (b) shows the current-voltage characteristics, while the forward voltage 

is 3.1 V at an injection current of 20 mA. Figure 4.8 (c) shows the optical output power and 

EQE for flip-chip structure LEDs, with the peak EQE at 36%, which is much larger than that 

in top-up structure LEDs.  
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Figure 4.8 (a) the appearance of fabricated flip-chip structure, before and after being lighted 

up, (b) I-V characteristics, (c) output power and EQE  for the fabricated devices. 

	
  

As shown in Figure 4.9 are the characterization results for vertical structure LEDs. 

Figure 4.9 (a) shows the appearance of the fabricated chips, as left one is before and right 

one is after being lighting up. For the vertical LEDs, the n-contact is on the front and the p-

contact is the copper substrate on the backside. Figure 4.9 (b) shows the current-voltage 

characteristics with the forward voltage at 2.9 V at injection current of 20 mA. Figure 4.9 (c) 

shows the optical output power and EQE for vertical structure LEDs. The largest current 

applied for vertical structure LED can be up to 2 A for one device with the mesa size of 1×

1 mm2. 
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Figure 4.9 (a) the appearance of fabricated vertical structure LED, before and after being 

lighted up, (b) I-V characteristics, (c) output power and EQE for the fabricated devices. 

	
  

From the device characterization results shown above, our capability to fabricate all 

different structure LEDs is demonstrated, which provides a sound platform for our following 

work. The performance of flip-chip and vertical LEDs is superior to top-up LEDs, in which 

structure light is reflected and extracted out from the backside. Thus, the mirror becomes the 

most critical part in the fabrication process and thus high quality p-type electrodes with good 

ohmic contact and high reflectivity need to be studied carefully. Generally, the ohmic contact 

between p-GaN and metals are difficult to form due to the following two reasons [88]. Firstly, 

the highly doped p-type GaN is very difficult to achieve due to the high activation energy of 

the Mg acceptors. Then, the work functions of metals are normally smaller than the value of 

p-GaN, which is 7.5 eV [89]. In order to improve the performance of these two structure 

LEDs, the reflective ohmic contact will be studied in the following part. 



52 	
  

4.2   Device design using decoupled contact and mirror 

4.2.1   Introduction  

During the last decades, high-performance InGaN/GaN-based LEDs are gradually 

replacing incandescent and florescent light bulbs and applied in many fields, such as 

automobiles lighting, building lights and LCD backlighting [72]. However, the limited LEE 

still hinders further improvement of LED efficiency [90, 91]. For flip-chip structure LEDs, 

the photons are reflected by the reflective contact and emitted out from the sapphire side, in 

which the reflector on p-GaN is especially important [92, 93]. There are many options of 

metal stacks for the reflector of p-GaN, such as Ni/Ag/Pt [91], Ni/Ag/Ti/Au [93], 

Ni/Au/W/Ag [94] and Ni/Ag/Ru/Au [95]. For the used metal combinations, Ni is in direct 

contact with p-GaN, which is essentially significant to form ohmic contact [37, 41, 96]. The 

second layer deposited usually processes a high reflectivity in the visible spectral range, in 

which Ag is most usually used [97]. In the traditional fabrication process for flip-chip 

structure LEDs, the metal stack for the reflector is deposited on top of the p-GaN and the 

following rapid thermal annealing (RTA) process in oxygen atmosphere is conducted to 

realize ohmic contact. However, the reflectivity of mirror is severely reduced after 

undergoing high temperature annealing since Ag agglomerates and intermixes with other 

metals [93, 98], which will considerably deteriorate the performance of LED chips. A two-

step deposition method has been proposed [93] to solve the intermixing issue of Ag with Au 

in the Ni/Ag/Au reflector where the Ni/Ag layer was deposited and annealed first, followed 

by intact Au layer deposition. Though the intermixing problem of Ag has been solved, the 

agglomeration problem continues due to the annealing process that the whole Ag has gone 

through. However, the reflectance of mirror reported was below 90% at 450 nm, which needs 

further optimization for high power LEDs. 
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In this part, we propose the idea of decoupling contact and mirror during the mirror 

fabrication process innovatively. An extremely thin Ni/Ag layer is deposited and annealed 

on top of p-GaN for ohmic contact formation. Then, thick Ag/Ti/Au layer is deposited 

without any annealing to act as reflection layer. The Ag layer in the contact is too thin to 

cause the agglomeration while it is enough to form the ohmic contact with Ni. The bulk Ag 

layer in the mirror remains intact with high reflectivity since it does not go through the high 

temperature annealing process. The reflectivity of the proposed mirror can reach 95% at 450 

nm and the optical output power of the corresponding LED has been increased by more than 

70% when compared with the LEDs fabricated through the conventional method at 350 mA. 

The underlying physics of decoupling contact and mirror are studied in detail through sheet 

resistance measurement and secondary ion mass spectrometry (SIMS) analysis. 

4.2.2   Experiments 

The LED chips are fabricated from the as-grown epi-wafers through a standard 

fabrication process. For the reference devices, traditional Ni/Ag/Ti/Au (1 nm/150 nm/100 

nm/65 nm) mirror was deposited by e-beam evaporator and then annealed at 500 ℃ in N2:O2 

(4:1) ambient for 5 mins. For the proposed devices, the contact layer consists of Ni (1 nm)/Ag 

(X nm) was initially deposited on top of p-GaN and annealed in the same condition as the 

reference, in which X equals to 0, 1, 3 and 5. Subsequently, the reflector layer consists of 

Ag/Ti/Au (150-X nm/100 nm/65 nm) was deposited without further annealing process. The 

surface morphologies were examined by the SEM (JEOL JSM-5600LV). The reflectivity 

was measured by UV/Vis/NIR Spectrophotometer System (PerkinElmer Lambda 950). The 

current-voltage (I-V) characteristics of the LED chips were measured using a LED quick 

tester (M2442S-9A Quatek Group) and the optical output power was measured by an Ocean 

Optics spectrometry (QE65000), which was attached with an integrating sphere. The sheet 
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resistance of the thin Ni/Ag contact layer was measured with a four-probe sheet resistance 

measurement system, and the element profile of the metal stacks were measured by the ToF-

SIMS. 

4.2.3   Results and discussions  

The optimized thickness of Ag in the contact layer was analyzed through checking 

the surface morphologies of annealed surfaces by SEM, which is as shown in Figure 4.10. 

Low contact resistance and smooth surface morphology are required for an ideal contact. As 

shown in Figures 4.10 (a)-(d), the surface morphologies of the contact layers with Ag 

thickness of 0, 1, 3, and 5 nm after annealing are compared and the original smooth surface 

becomes roughened with the appearance of cluster structures and the density and size of the 

cluster structures increase with the increase thickness of Ag. The clusters are generated due 

to Ag agglomeration during the annealing process, which is determined by the thickness of 

Ag. As can be seen in Figure 4.10 (a), the surface is very flat and smooth for the sample 

without Ag in the contact layer. Even Ni can form clusters after annealing as reported in other 

reference[99], 1 nm Ni may be too thin to form clusters after annealing or the size of the 

clusters is too small to be noticed under SEM images. The optimized Ag thickness for the 

contact layer is 1 nm, which shows least Ag agglomeration centers as shown in Figure 4.10. 

The Ni contact layer only forms Schottky contact with p-GaN. The electrical properties of 

LEDs with various contact layers will be examined later. 
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Figure 4.10 SEM images of the samples with a thin annealed (a) Ni (1 nm)/Ag (0 nm), (b) 

Ni (1 nm)/Ag (1 nm), (c) Ni (1 nm)/Ag (3 nm), and (d) Ni (1 nm)/Ag (5 nm) contact layer 

on top. 

	
  

After the realization of ohmic contact layer, the reflector consists of thick Ag/Ti/Au 

is deposited on top. Figure 4.11 (b) shows the surface morphology of the proposed contact 

layer, along with the reflector constructed by the conventional method as shown in Figure 

4.11 (a) for comparison. The conventional Ni/Ag/Ti/Au mirror undergoes a severe 

degradation, in which the large number of clusters features the surface morphology as shown 

in Figure 4.11 (a). In contrast, using the decoupling contact and mirror, the morphology is 

greatly improved, which exhibits much smoother surface and significantly reduced clusters 

both in density and size. SIMS depth analysis has also been conducted for the two reflectors 

to examine the element profiles as shown in Figure 4.11 (c) and (d). For the reference in 

Figure 4.11 (c), severe intermixing of different elements happens where Ni and Ag diffuse 

up to the surface and Ti and Au diffuse down to the interface between the contact layer and 

p-GaN. It is difficult to recognize the boundary of the mirror since it the mixed with the 
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contact layer. In contrast with the reference, the intermixing phenomenon is trivial in the 

reflector with the element profiles shown in Figure 4.11 (d), in which Ni is confined in the 

region where it is deposited and coincides with the Ag peak. The rest of the Ag layer is also 

pure without any observable out-diffusion phenomenon and the Ti and Au layers are also 

intact as deposited. The well-defined Ag layer makes positive impact on the performance of 

the mirror, which will be demonstrated by the reflectance measurement next. The schematic 

diagrams for the one-step mirror and the decoupled mirror are illustrated in Figure 4.12.  

 

Figure 4.11 SEM images of the samples with (a) conventional mirror and (b) proposed mirror 

with annealed Ni (1 nm)/Ag (1 nm) as contact layer, and SIMS depth profiles of the samples 

with (c) conventional mirror and (d) proposed mirror with annealed Ni(1nm)/Ag(1nm) as 

contact layer. 
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Figure 4.12 Illustration for one-step mirror and decoupled mirror. 

	
  
Figure 4.13 reveals that the reflectivity of the decoupled contact mirror is much higher 

than that of the conventional Ni/Ag/Ti/Au mirror in the spectral range from 420 nm to 480 

nm. For example, the reflectivity of the mirror with thin Ni (1 nm)/Ag (1 nm) contact layer 

is 95% at 450 nm, and the value is 62% in the conventional mirror for comparison. What’s 

more, the thinner thickness of Ag in the contact layer, the higher the reflectivity. This result 

is in consistent with the SEM surface morphology and the SIMS depth analysis discussed 

above. The output powers of LEDs with the decoupled mirrors are shown in Figure 4.14, 

along with the performance of LED with the conventional contact mirror. The output power 

of the LEDs with the decoupled mirror is greatly increased when compared with that of the 

reference LED. For instance, at forward current of 350 mA, the optical power has been 

increased from 128 mW for the reference LED to 222 mW for the LED with the decoupled 

contact mirror of which the contact layer is Ni (1 nm)/Ag (1 nm), which is largely due to the 

improved reflectance of the decoupled contact mirror. 
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Figure 4.13 Reflectivity measured for the samples of the conventional contact mirror and the 

decoupled contact mirrors with thin annealed layer of Ni (1 nm)/Ag(1 nm), Ni (1 nm)/Ag (3 

nm) and Ni (1 nm)/Ag (5 nm), respectively. 

	
  

 

Figure 4. 14 Output power measured for LEDs with the conventional contact mirror and the 

decoupled contact mirrors with thin annealed layer of Ni (1 nm)/Ag (1 nm), Ni (1 nm)/Ag (3 

nm) and Ni (1 nm)/Ag (5 nm), respectively. 
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In addition to the high reflectance, the electrical performance is also a very important 

factor for LEDs. As shown in Figure 4.15, the forward voltage of the LEDs with the 

optimized decoupled contact mirror is comparable to and even better than that of the 

reference LED at current beyond 350 mA. This indicates that the decoupled contact mirror 

also meets the requirement of good electrical performance besides high output power. It is 

implied that the electrical property starts to degrade as the Ag thickness increases in the thin 

Ni/Ag contact as shown in Figure 4.15. The forward voltage increases significantly, which 

is mainly due to the increase of the turn-on voltage. It is critical to uncover the mechanism 

behind the electrical degradation and understand the reason of the ohmic contact formation 

in the decoupling contact and mirror.  

 

Figure 4.15 Current-voltage (I-V) curves measured for the LEDs with the conventional 

contact mirror and the decoupled contact mirrors with thin annealed layer of Ni (1 nm)/Ag 

(1 nm), Ni (1 nm)/Ag (3 nm) and Ni (1 nm)/Ag (5 nm), respectively. The intercepts of the 

dashed lines on the X-axis indicate the turn-on voltages. 
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The four-probe sheet resistance measurement is conducted on the thin Ni/Ag contact 

layers both before and after annealing. As shown in Table 4.1, the thin Ni/Ag layer shows 

low sheet resistance from 4.65 kΩ/� down to 87 Ω/�, which is typical for thin metal layers 

before the annealing process. However, sheet resistance increases to around 100 kΩ/� for all 

the three contact layers after annealing. The great increase of the sheet resistance implies that 

the contact layers are no more metals but possibly metal oxides since the annealing process 

is conducted in the O2 ambient. 

SIMS depth profile analysis is performed to examine the composition of the contact 

layers as shown in Figure 4.16. For the three decoupled contact layers, as the Ag thickness 

increases, Ni and Ag are inter-diffused into each other. The Ni distribution is obviously 

broadening with the increase of Ag thickness. Meanwhile, the O distribution coincides with 

those of Ni and Ag at the interface region. Based on the experimental results above, we 

propose the following contact formation mechanism to explain the electrical characteristics 

of our decoupled contact mirrors. When the Ni/Ag contact layer is deposited and annealed in 

O2 ambient, they will be fully oxidized due to thin thickness of metals. As is well known, 

thin Ni oxide forms ohmic contact (tunneling Schottky contact) with the p-GaN at the 

existence of Ag since Ag helps the out diffusion of Ga atoms from p-GaN, which leaves large 

amount of Ga vacancies in the p-GaN and is beneficial to the ohmic contact formation. 

However, Ag oxide also forms a Schottky contact with the p-GaN, which adds additional 

voltage drop for the devices to turn on. When the Ag oxide is as thin as 1 nm, due to the 

tunneling effect the additional turn-on voltage is low. Therefore the forward voltage for the 

device with Ni (1 nm)/Ag (1 nm) contact layer is comparable to and even better than that of 

the device with the conventional contact mirror at high current beyond 350 mA. As the 

thickness of Ag increases in the Ni/Ag contact layer, thicker Ag oxide Schottky contact layer 
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is formed, which will add larger turn-on voltage as shown in Figure 4.15. As an illustration 

for the case of thick Ni/Ag contact layer, if we assume the Schottky barrier height is solely 

determined by the difference of work functions and no tunneling effect is considered, since 

the work functions of Ag oxide and p-GaN are 5.6 eV and 7.5 eV, respectively, the Schottky 

barrier height will be 1.9 eV. This is in good agreement with the increase of the turn-on 

voltage for the device with 1 nm Ni/5 nm Ag contact layer as shown in Figure 4.16. 

Therefore, as an optimized Ni/Ag contact, a thin layer of Ag is desired which on one side can 

assist the Ga out diffusion and Ga vacancy formation, and on the other side can avoid the 

formation of the thick Ag oxide layer and reduce the turn-on voltage. 

Besides the forward voltage, low reverse leakage current is also critically important 

for high-performance of LEDs. At 3 V reverse bias, the leakage currents for the reference, 

Ni (1 nm)/Ag (1 nm), Ni (1 nm)/Ag (3 nm), Ni (1 nm)/Ag (5 nm) samples are 4.8×10-8 A, 

1×10-9 A, 5×10-9 A, 7×10-9 A, respectively. The lowest reverse leakage current was observed 

in the proposed sample with Ni (1 nm)/Ag (1 nm), which has the superior electrical 

performance. 
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Figure 4.16 SIMS depth profiles of the decoupled contact mirrors with thin annealed layer of 

(a) Ni (1 nm)/Ag (1 nm), (b) Ni (1 nm)/Ag (3 nm) and (c) Ni (1 nm)/Ag (5 nm), respectively. 

	
  

Table 4. 1 Sheet square resistance of thin contact layers on top of p-GaN before and after 

annealing (Ω/□). 

Type Non-annealed Annealed 
Ni (1 nm)/Ag (1 nm) 4.65k 100.9k 
Ni (1 nm)/Ag (3 nm) 2.04k 97.98k 
Ni (1 nm)/Ag (5 nm) 87 97.24k 

4.2.4   Conclusions 

A novel decoupled contact mirror concept for the Ni/Ag/Ti/Au reflector of 

InGaN/GaN LEDs has been proposed and demonstrated. Both high reflectivity and low 

forward voltage can be achieved at the same time through the proposed decoupled contact 
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mirror, which significantly improves the optical power performance of the LEDs. Through 

SEM and SIMS measurements, the effectiveness of the proposed contact mirror on 

suppressing the Ag agglomeration and the Ag intermixing has been proved. The mechanism 

of the decoupling of the contact and the mirror has also been investigated in detail. This new 

method provides an effective way to fabricate high performance contact mirrors, which will 

contribute to the application of high efficient solid-state lightings.  

4.3   Device design using modulated ohmic contact 

4.3.1   Introduction  

The efficiency of InGaN/GaN-based flip-chip LEDs increases greatly with the 

improvement of the LEE, which is realized through designing different types of reflective 

ohmic contact mirror [72, 91, 94]. For LEDs with this kind of structure, the light is reflected 

by the mirror on p-GaN and extracted from the sapphire side, in which the mirror is 

extraordinarily important. Since silver has larger reflectivity when compared with different 

metallic reflectors in the visible wavelength range, it is usually used as the reflective contact 

mirror [100]. However, poor adhesion and work function mismatch between silver and p-

GaN are two obstacles preventing the direct use of silver as mirror layer [93, 101]. A thin Ni 

layer inserted between silver and GaN is great choice to alleviate the adhesion problem and 

make up for the work function mismatch after undergoing high temperature annealing [97]. 

However, the silver is very easy to oxidize and agglomerate after annealing, which severely 

deteriorates the mirror performance as a tradeoff [102]. Besides Ni, indium tin oxide (ITO) 

layer can also be inserted between p-GaN and silver to be used as ohmic contact layer for its 

superior performance, such as high electrical conductivity, high transparency in the visible 

spectral and stable chemical properties [103]. Nevertheless, the role of ITO layer in those 

LEDs is not carefully investigated and the underlying physics for ohmic contact formation 
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has not been discussed. 

In this work, we design a set of experiment with the incorporation of a thin ITO layer 

on the p-GaN surface and investigate the interfacial layer that forms between the p-GaN and 

pure silver. With the optimized parameter in this study, we have achieved high performance 

mirror with high reflectivity, which is almost the same as the pristine silver layer, and low 

forward voltage, which is comparable with Ni/Ag or thick ITO/Ag combinations. The 

formation of InGaxNyOz interfacial layer is analyzed using various characterization methods 

and a model is proposed to illustrate the physics for ohmic behavior. 

4.3.2   Experiments 

Standard LED chips are fabricated using epi-wafers grown by MOCVD through a 

series of standard fabrication techniques. First, one wafer was cut into four pieces, while 

three pieces of the wafer were deposited with ITO of 1 nm, 5 nm and 10 nm, respectively, 

and the last one was kept as the reference. Then, the samples underwent annealing at 630 oC 

in oxygen ambient for 1 minute. After that, a layer of Ag (200 nm)/Ti (50 nm) was sputtered 

on top as the reflective mirror of the contact. The mesa size was defined as 1×1 mm2 and 

etched by inductively coupled plasma (ICP). Ti/Ag/Ti/Au layer were deposited as the 

electrodes for the devices by e-beam evaporator. The samples for reflectivity measurement 

were prepared by depositing thin ITO layers/Ag mirror on top of double-side polished 

sapphire substrates, and the measurements were conducted using a Perkin Elmer Lambda 

950 UV/VIS/NIR Spectrophotometer system. The current-voltage (I-V) characteristics were 

measured by a SC-200-mm probe station and the optical output power was measured using 

an ocean optics spectrometer, which is attached with an integrating sphere. Surface 

morphologies of ITO layers with different thicknesses were characterized using atomic force 

microscopy (AFM) (scanning Probe Microscope Model DI dimension V), surface sheet 
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resistance was measured through four-probe method by a sheet resistance & resistivity 

equipment, and the binding energies of elements in the surface material were achieved by a 

home-made X-ray photoelectron spectroscopy and Ultraviolet photoelectron spectroscopy 

(XPS and UPS) system. 

4.3.3   Results and discussions  

Figure 4.17 (a) shows the reflectivity of thin ITO layers with various thicknesses after 

silver deposition. The reflectivity of the mirror with 1 nm ITO insertion layer is almost the 

same as that of the pristine silver mirror. As the thickness of ITO insertion layer increases to 

5 nm and 10 nm, the reflectivity of the mirror starts to decrease. Even though the change of 

the reflectivity value is small here due to the thin thickness of ITO insertion layers, it clearly 

shows the trend that with thicker ITO insertion layer, the reflectivity of the mirror degrades. 

Therefore, the ITO insertion layer should be made as thin as possible for better optical 

performance. The optical performance of the mirrors with thin ITO insertion layers here is 

much better than that of annealed Ni/Ag mirror, for which the reflectivity is even lower than 

80% at 450 nm [104]. The I-V characteristic of flip-chip LEDs with different thicknesses of 

ITO insertion layers is shown in Figure 4.17 (b). From the I-V curve, we can see that without 

ITO insertion layer, the forward voltage is much higher, indicating the poor ohmic contact 

formation between silver mirror and p-GaN. When the thin ITO layer is inserted, the I-V 

performance is greatly improved even when the thickness is just 1 nm. The lowest forward 

voltage among the three samples with ITO layers happens when the thickness of ITO 

insertion layer is 5 nm. The mechanism about why the ITO with 5 nm can achieve the best 

electrical performance will be discussed in the following part. 
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Figure 4.17 (a) Reflectivity for ITO thin layers with different thicknesses after annealing and 

silver mirror deposition and (b) I-V curve of flip-chip LEDs with different thicknesses of ITO. 

	
  

Figure 4.18 (a) shows the optical output power enhancement ratio of LEDs with 

various thin ITO insertion layers when compared with the reference from 100 mA to 500 

mA, while the inset shows the value with current from 30 mA to 100 mA. For the lower 

current range in the inset, the optical power for LED with 10 nm ITO is lower than other 

samples for its lowest mirror reflectivity. With increasing current, the LED without ITO layer 

gradually becomes smaller than others, since the sample has largest forward voltage and thus 

more heat will be generated in the process [105]. Among the three samples with different 

ITO insertion layers, the one with 1 nm ITO has the largest optical output power, which is 

consistent with the reflectivity of the ITO mirrors shown in Figure 4.17 (a). Figure 4.18 (b) 

shows the wall-plug efficiency enhancement ratio for samples with different ITO layers when 

compared with the reference, with inset showing the curve at low current from 30 mA to 100 

mA. All the samples with ITO layers present obviously superior performance than the one 

without ITO layer in the whole injection current range. At operation current, for all the 

samples with ITO layers, the one with 5 nm shows better performance than other results due 

to reduced forward voltage. Apparently, the insertion of thin ITO layers between silver and 
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p-GaN surface changes the electrical property while maintains the high optical performance 

of the silver mirror and thus leads to the improved overall device performance. The optimized 

thickness of ITO is 5 nm instead of 1 nm or 10 nm. Thus, the mechanism behind the 

phenomenon is worth to be investigated. 

 

Figure 4.18 (a) Optical output power and (b) wall-plug efficiency enhancement ratio for 

samples with different ITO layers when compared with the reference, with inset showing the 

same curve at low current range from 30 mA to 100 mA. 

	
  

Figure 4.19 shows the atomic force microscopy (AFM) images of the thin ITO layers 

deposited on p-GaN surface before and after annealing. For the 1 nm ITO layer before 

annealing in Figure 4.19 (a), the surface is featured by step-flow structures [106], which 

originates from the p-GaN surface and indicates the conformal deposition of the thin ITO 

layer. When the ITO layer increases to 5 nm and 10 nm, the surface morphologies turn into 

grain structures as shown in Figures 4.19 (b) and (c). The conformality is lost and the granular 

nature of ITO layers starts to dominate when the thickness of ITO increases. After annealing, 

the surface morphology of the sample with 1 nm ITO layer maintains the step-flow 

characteristic as shown in Figure 4.19 (d), while the surface morphology of the sample with 
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5 nm ITO layer turns from granular structures into step-flow structures as shown in Figure 

4.19 (e). Even for the sample with 10 nm ITO layer, the surface morphology also experiences 

changes from granular characteristic to step-flow nature as shown in Figure 4.19 (f). The 

change in the surface morphology after annealing allows us to reasonably assume that: during 

annealing (1) the process of interfacial atomic inter-diffusion and inter-mixing takes place, 

and (2) for 1 nm and 5 nm ITO layers, the atomic inter-diffusion and inter-mixing is thorough, 

which means the whole ITO layer has turned into the interfacial layer and no pure ITO layer 

is left, and (3) for the 10 nm ITO layer only underlying part of the layer turns into the 

interfacial layer and the rest of the top ITO layer is left intact. The conjecture of the formation 

of the interfacial layer by the atomic inter-diffusion and inter-mixing has been supported by 

other experimental results as follows. 
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Figure 4.19 AFM images of p-GaN surface after ITO deposition  with 1 nm ITO (a) before 

and (d) after annealing, 5 nm ITO (b) before and (e) after annealing, 10 nm ITO (c) before 

and (f) after annealing. 

	
  

The sheet resistances of the thin ITO layers deposited on p-GaN surface before and 

after annealing are listed in Table 4.2. Before annealing, the sheet resistance for the sample 

with 1 nm ITO layer is around 2.9 MΩ/□, while it is around 150 KΩ/□, for the samples with 

5 nm and 10 nm ITO layers. The sheet resistance of 2.9 MΩ/□ is at the same order of 

magnitude with the value of p-GaN, which implies that the probe may penetrate the 1 nm 

ITO layer during the measurement. The sheet resistance of 150 KΩ/□ is the typical value for 

the unannealed ITO thin layers. After annealing, the sheet resistances for all the three samples 

become much smaller. For the sample with 1 nm ITO layer the sheet resistance is around 116 

KΩ/□, more than one order of magnitude lower than that before annealing. This strongly 
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indicates that a highly conductive interfacial layer is formed on the p-GaN surface during the 

annealing through atomic inter-diffusion and inter-mixing. The sheet resistance becomes 

even smaller as the ITO layer thickness increases, which may imply that the interfacial layer 

becomes more conductive due to the larger amount of ITO supply during the interfacial layer 

formation. We have to bear in mind that for the sample with 10 nm ITO, a certain thickness 

of ITO has been left as shown in Figure 4.19 (f), which also contributes to the conductivity 

and thus results in the lowest sheet resistance together with the interfacial layer 

Table 4.2 Sheet resistance of ITO layers on top of p-GaN before and after annealing (Ω/□). 

Type Non-annealed Annealed 
ITO  (1 nm) 2.858 M 115.9 K 
ITO  (5 nm) 153.5 K 22.88 K 
ITO (10 nm) 168.2 K 1.556 K 

 

In order to uncover the chemical properties of the interfacial layer, XPS analysis was 

performed on the samples after annealing. Wide-scan spectrum of the binding energies for 

all the samples is shown in Figure 4.20 (a). For the sample without ITO layer, only Ga 2p 

and N 1s signals, which originate from the clean GaN surface, are observed. For samples 

deposited with 1 nm and 5 nm ITO thin layers, the signals from Ga 2p and N 1s can still be 

seen even their signal intensities become weaker with the increase of ITO thickness. Besides, 

signals from O 1s, Sn 3d and In 3d have also been observed. For the sample with 10 nm ITO 

layer, signals from O 1s, Sn 3d and In 3d are clearly observed while the signal of Ga 2p is 

very weak and the signal of N 1s is hardly observed. From these results, it can be deduced 

that when the ITO thickness is more than 10 nm, the surface part is still pure ITO layer and 

the only the bottom part participates in the atomic inter-diffusion and inter-mixing process 

with the underlying GaN layer and converts into the interfacial layer. When the ITO thickness 
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is as thin as 1 nm and up to 5 nm, the process of atomic inter-diffusion and inter-mixing 

consumes the whole ITO layer and the surface region of the underlying p-GaN and 

transforms them into the interfacial layer. The details in the binding energy change for Ga 

2p, N 1s and In 3d of the samples are shown in Figures 4.20 (b), (c) and (d), respectively. It 

can be seen from Figures 4.20 (b) and (c) that the binding energies for Ga 2p and N 1s for 

the samples coated with 1 nm and 5 nm ITO layers shift to lower energy compared to the 

sample without ITO coating. On the other hand, the binding energies for In 3d for the samples 

coated with 1 nm and 5 nm ITO layers are quite close to each other but much larger than that 

for the sample coated with 10 nm ITO layer, as shown in Figure 4.20 (d). The changes in the 

binding energy of Ga 2p, N 1s and In 3d for samples coated with 1 nm and 5 nm ITO layers 

show that the interfacial layer composes of Ga, In, N, and other elements with inter-atomic 

chemical bonds, when compared with the samples without ITO coating and coated with 10 

nm ITO. The changes in the binding energy are in favor of the formation of ohmic contact. 

For example, the shift of the binding energy of Ga 2p in the interfacial layer to lower energy 

with increasing thickness reflects that the surface Fermi level shifts to the valence band edge 

and results in reduction in the band bending of p-GaN [107, 108].  
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Figure 4.20 XPS wide scan of all the elements (a), Ga 2p core spectra (b), N 1s core spectra 

(c) and In 3d core spectra (d) for the samples with different ITO thickness after annealing. 

	
  

Based on the analysis above, we put up a theoretical model as an explanation for the 

ohmic contact, which is formed between silver and p-GaN with the help of thin inserted ITO 

layers. As shown in Figure 4.21, illustrations of all the elements for the contact mirrors are 

depicted to show the distribution of elements. As shown in Figure 4.21 (a), the interface is 

sharp and smooth, since no inter-diffusion happens without undergoing annealing after silver 

deposition. In Figures 4.21 (b) and (c), the atomic inter-diffusion and inter-mixing between 

the p-GaN and ITO are complete, which means the thin ITO layers are totally inter-mixed 

with p-GaN. In the process, Ga atoms diffuse out to form a thin interfacial layer composed 

of InGaxNyOz and leave Ga+ vacancies at the surface of p-GaN [109]. However, small islands 
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made of InGaxNyOz are formed instead of continuous film when the thickness of ITO is only 

1 nm, as shown in Figure 4.21 (b). Some of the p-GaN is still in direct contact with silver, 

and this will add extra forward voltage when compared with the sample with 5 nm ITO. This 

can also explain the high sheet resistance of sample with 1 nm ITO when compared with that 

of 5 nm ITO. In Figure 4.21 (d), bottom part of ITO mixes with p-GaN and top part is left 

intact. The different profiles of the p-GaN surfaces with ITO layer of different thickness will 

result in different electrical properties as discussed in the following analysis. 

 

Figure 4.21 Schematic diagrams of element mixing for contact mirror with (a) no ITO layer, 

(b) 1 nm annealed ITO layer, with a formation of island-like InGaxNyOz layer, (c) 5 nm 

annealed ITO layer, with a formation of InGaxNyOz layer, and (d) 10 nm annealed ITO layer. 

	
  

Figures 4.22 (a) and (b) show the energy band diagrams of samples with and without 

the interfacial layer at equilibrium state. Formation of ohmic contact between metal and p-

GaN can only be realized when its work function is larger than p-GaN [37]. Since the work 

function of silver and p-GaN are 4.25 eV [110] and 7.5 eV [111], respectively, a Schottky 

contact is formed between them, as shown in Figure 4.22 (a), while the Schottky barrier 

height (SBH) is 3.25 eV. Thus, free carriers are not easy to pass through the interfacial layer. 

For the LED with a thin ITO layer deposited and annealed,  Ga+ vacancies will be generated 

[109] on the top of p-GaN as stated. Binding energy of Ga 2p core level decreases as a result 

of Ga+ vacancies generation, as shown in Figure 4.20 (b). When compared with the sample 



74 	
  

without ITO, the  binding energy of Ga 2p core level shifts towards lower side by 1.16 eV 

for the sample with 1nm ITO, and 1.59 eV for the sample with 5 nm ITO. The difference of 

Ga 2p core level binding energy results in large energy band bending with the value larger 

than 3.25 eV [112]. In this case, the direction of the band bending for the contact changes 

from downward to upward, which facilitates the ohmic contact formation between the p-GaN 

and metal, as shown in Figure 4.22 (b). For the sample with 10 nm ITO layer, there still exists 

an unconsumed ITO layer between silver and the interfacial layer, which will add more 

parasitic resistance and result in higher forward voltage as shown in Figure 4.17 (b) due to 

small work function mismatch. 

 

Figure 4.22 Schematic band diagrams of silver and p-GaN contact with (a) no interfacial 

layer, and (b) InGaxNyOz interfacial layer. 

	
  

4.3.4   Conclusions  

To summarize, a set of experiments have been designed with different ITO insertion 
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layers to promote the generation of InGaxNyOz interfacial layer through thermal annealing 

process. A complete InGaxNyOz layer is formed in the situation of optimized design, which 

interfaces directly with the p-GaN and intact silver, and maintains the high reflectivity of the 

intact silver and high-quality ohmic contact. InGaN/GaN-based LEDs, which adopt the 

optimized design, perform superior in both electrical and optical aspects and yield the highest 

wall-plug efficiency at operation current. 

4.4   Summary 

In this chapter, we have introduced the fabrication process in our group which 

provides a sound platform to produce device chips with high repeatability and high reliability. 

Three different chips are fabricated and characterized, which reveal our capability to achieve 

high-performance LEDs. Then, we utilized two methods to optimize the mirror contact to 

improve the performance of flip-chip structure LEDs. For the first method, a decoupled 

mirror contact is applied, in which the ohmic contact and the high reflective mirror are 

realized separately. For the second method, the ohmic contact is realized through modulating 

the InGaxNyOz interfacial layer, during which the ITO layer acts as sacrificial layer instead 

of the contact layer, and the high reflectivity mirror is also achieved since the thickness of 

ITO is very thin.   
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Chapter 5 

 

 

 

Development towards InGaN/GaN-based 

microwall LEDs
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In this chapter, firstly we elaborate the advantages of microwall LEDs, in which semi-

polar or non-polar facet is exposed, followed by the description of selective area growth 

(SAG) method. Then, some preliminary results about GaN microwall growth are reported, in 

which the growth process is modulated by both temperature and NH3 flow rate and both 

structural and optical properties are characterized. After discussion about the preparation 

process for GaN microwall substrates, the full-structure microwall LED epi-wafer is grown 

and some related experimental results are presented.  

5.1   Microwall structured LEDs grown by selective-area growth 

Typically, InGaN/GaN-based LED epi-layers are grown on foreign substrates, such 

as sapphire, 6H-SiC and Si [113], and polar structures are typically formed. This kind of 

LEDs suffer from polarized electric field, which decreases the spatial overlap of electron and 

hole, and thus sacrifice the IQE and contribute to the efficiency droop [114, 115]. In addition, 

the Auger recombination is more severe for higher carrier concentration since the critical 

thickness of quantum well is limited due to the lattice mismatch between GaN and InGaN 

[116]. However, for the InGaN/GaN-based LEDs grown on the semi-polar or non-polar facet, 

the efficiency droop will be greatly reduced benefiting from the decrease of the polarized 

electric field [117]. The internal strain can also be alleviated, and thus the critical thickness 

of quantum well is increased, which results in a smaller carrier concentration and alleviates 

Auger recombination effect [52]. Although the homo-epitaxial free-standing GaN substrate 

is the best choice to grow InGaN/GaN-based LEDs with high crystalline quality [118, 119], 

the substrate with specific exposed planes is very expensive and not easily accessible [120]. 

In order to grow semi-polar or non-polar InGaN/GaN-based LEDs economically, 

selective area growth (SAG) method is developed to provide an effective path towards 

various LED structures with different crystal facets exposed on c-plane sapphire substrates 
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[121]. Figure 5.1 shows the GaN pyramid structure grown by this method, which was firstly 

reported by Kato et al. [122]. During the growth process, the openings are made on top of the 

substrate with dielectric material as the mask, and the growth is precisely controlled through 

the openings. The mechanism for the selective growth is due to the particularly low 

supersaturation of the reactant on the dielectric mask, when compared with the openings. 

After filling the space, the morphology is controlled by the growth parameters, such as 

pressure, temperature and precursor flow rate, and determined by the growth rate of different 

crystal facets. 

	
  

Figure 5.1 Selective area growth of GaN. [121] 

	
  

5.2   Structural and optical properties of microwalls 

5.2.1   Introduction  

For the planar structure InGaN/GaN-based LEDs, the external quantum efficiency 

decreases with increasing current, which is widely known as efficiency droop and this 

phenomenon hindered their application in most lighting aspects [46]. Many mechanisms 

accounting for the phenomenon have been put up, such as Auger recombination [123], large 
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polarized electric field [124] and current crowding effect [125]. In order to address this 

problem, microwall LEDs, which expose semi-polar or non-polar facet and accommodate 

larger thickness of quantum wells, have great potential to alleviate the efficiency droop. If 

different morphologies of GaN microwall templates can be prepared economically and 

flexibly, and the material quality for different structures can be understood scientifically, it 

would become much easier for us to achieve microwall LEDs, and thus alleviate the 

efficiency droop.  

In this work, we adopted the SAG method to grow semi-polar and non-polar GaN 

microwall structures, which were modulated by growth temperature and NH3 flow rate. 

Stress, defects and optical properties were characterized, respectively. The mechanisms for 

different morphologies and different properties grown under different conditions were 

explained in detail. 

5.2.2   Experiments  

As shown in Figure 5.2, starting substrates were prepared by a series of fabrication 

techniques. First, a thin nucleation layer of GaN was grown on top of sapphire substrate, 

followed by a 4 µm-thick undoped GaN. Then, a 200 nm-thick SiO2 was deposited by plasma 

enhanced chemical vapor deposition (PECVD) system. The 5/5 µm strips/openings were 

oriented to the <1 -1 0 0> direction, which were prepared by photolithography and etched by 

reactive ion etching (RIE) system. After the substrates were prepared, they were loaded back 

to the MOCVD system. In all cases, the growth pressure was 250 torr, the carrier gas was H2 

and the growth time was half an hour. Continuous growth method was applied, in which 

TMGa and NH3 were injected into the chamber at the same time. The growth temperature 

and the flow rate of TMGa and NH3 are listed in Table 5.1. The surface morphologies and 

the material quality were featured by a series of characterization techniques. SEM was used 
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to investigate the surface morphologies. Raman spectra at different locations of microwall 

structures were characterized to study the in-plane stress by a LabRAM HR Evolution Raman 

Spectrometer. The crystal qualities were evaluated by the rocking curves through ω scan of 

(002) and (102) reflecting planes using a Philips HRXRD system and PL measurements were 

carried out to investigate their optical properties through nanometrics PL-thickness mapper 

system. 

	
  

Figure 5.2 Schematic illustration of the process used to prepare the starting substrates for 

GaN microwall growth. 
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Table 5.1 Sets of experiments carried out and parameters used in this work. 

Exp.set Temp(ºC) NH3 (sccm) V/III ratio 

A 1135-1285 4000 800 

B 1185 400-4000 80-800 

5.2.3   Results and discussions  

5.2.3.1   Effect of growth temperature  

A series of temperatures, from 1135 °C to 1285 °C (thermocouple reading in the 

susceptor) with 50 °C as the interval, have been applied in the growth process for experiment 

set A. Figure 5.3 shows SEM morphologies of GaN microwalls grown under different 

temperatures. From Figure 5.3 (a) to Figure 5.3 (d), the structures seen from the top view of 

all the samples with different temperatures are shown, accompanied by their cross section 

views as shown from Figure 5.3 (e) to Figure 5.3 (h). For sample grown at 1135 ℃, Figure 

5.3 (a) shows the top view of the morphology, from which we can see a narrow line and some 

random pits, while Figure 5.3 (e) shows a nearly triangle cross-section. The poor crystal 

quality is indicated from the random pits generated on the triangle GaN microwalls. When 

the temperature increases by 50 ℃ as shown in Figures 5.3 (b) and (f), the surface become 

much smoother and defects are greatly decreased. The width of the top line becomes wider 

than that in Figures 5.3 (a) and (e) and the cross section of the triangle gradually transforms 

to trapezoid. According to Wulff’s law [126], the slowest growth rate of the crystal plane 

determines the shape of the structure. At low temperature, the diffusion of the hydrogen was 

slow and most of them stayed on the semi-polar facet, which passivated the growth of the 

semi-polar plane [127]. With increasing temperature, the passivated atoms on the semi-polar 

plane became more active, parts of the passivation effect was released and the relative growth 
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rate was increased when compared with c-plane [128]. When the temperature is further 

increased to 1235 ℃, as shown in Figures 5.3 (c) and  (g), the top width becomes larger and 

the cross section even transforms to rectangle when the temperature increases to 1285℃, as 

shown in Figures 5.3 (d) (h) [129, 130].  

	
  

Figure 5.3 SEM images grown by continuous MOCVD techniques under different 

temperatures for both top views at (a) 1135 ℃, (b) 1185 ℃, (c) 1235 ℃, (d) 1285 ℃ and cross 

section views at (e) 1135 ℃, (f) 1185 ℃, (g) 1235 ℃, (h) 1285 ℃. 

	
  

Raman spectroscopy has been widely employed to determine the material quality and 

monitor the in-plane stress for III-nitride semiconductors [131]. The E2 (high) phonon peak 

is used to indicate the in-plane stress [132] and the value is believed to be 567.6 cm-1 in strain 

free GaN [133]. The strain inside the structure can be calculated according to [134] 

1 1( )
4.3

cm GPaω
σ − −Δ
= , where σ is the biaxial stress and Δω is the offset of the E2 phonon 

peak when compared with the strain free samples. Figure 5.4 shows the normalized Raman 

spectrum with E2 (high) phonon peaks for all the samples grown under different 

temperatures, in which A means the bottom GaN, B means the sidewall GaN and C means 
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the top GaN. All the peaks at different locations have a value larger than 567.6 cm-1  which 

means thermal compressive stress dominates in the GaN structures [135, 136]. However, 

when compared with the bottom GaN, the Raman shifts on the microwall structures have 

smaller values, which indicate the relaxation of the in-plane strain for the newly grown GaN 

microwalls. As shown in Figure 5.4 (a), we can see that top GaN shows smaller Raman shift 

than that of the slanted sidewall, which means the relaxation of the stress is more obvious on 

the top of GaN strips. Different strain distribution on different facets is explained by elastic 

moduli principle [137, 138]. The same trend continues with increasing temperature as shown 

from Figures 5.4 (b) to (d). 
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Figure 5.4 Raman spectrum of E2 (high) phonon peaks for samples grown at (a) 1135℃, (b) 

1185℃, (c) 1235℃ and (d) 1285 ℃ respectively. 

	
  
Figure 5.5 shows the HRXRD rocking curves of the GaN microwalls grown at 

different temperatures. The approximate peaks for (002) and (102) are 17.3 degree and 24.1 

degree respectively, which indicate the wurtzite structure of the crystal. As we know [59], 

the rocking curve for the asymmetric (102) reflecting plane can directly reveal material’s 

reliable structural quality, because its FWHM corresponds to all threading dislocations 

including edge dislocations. Meanwhile, the FWHM of the rocking curve for the symmetric 

(002) reflecting plane only reflects the screw and mixed-type dislocations [60]. The FWHMs 

for (102) reflecting plane are 0.1 and 0.09 for the samples grown at 1185 ℃ and 1285 ℃, 

respectively, which means the dislocations generated at high temperature are reduced. From 
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the peaks as shown in Figure 5.5 (a), the value is 17.24 for GaN at low temperature and 17.36 

for GaN at high temperature, which means more compressive strain is generated when 

compared with the triangle structures at low temperature [139]. The strain analysed through 

the rocking curves is also consistent with the Raman analysis stated above. 

	
  

Figure 5.5 HRXRD rocking curves of (a) the symmetrical (002) reflection and (b) the 

asymmetrical (102) reflection planes for GaN microwalls grown at temperature of 1185 ℃	
  

and 1285 ℃. 

	
  

Figure 5.6 presents the room-temperature PL spectra for all the GaN microwalls 

grown at different temperatures, with a planar structure grown at 1285	
  ℃ as the reference. 

Typically, near-band-edge (NBE) emission, stacking faults emission, donor-acceptor pair 

(DAP) recombination and their phonon replicas are observed in GaN samples [140]. For the 

planar structure reference, there are two peaks appeared, which dominate at 3.445 eV and 

3.364 eV, and they correspond with the NBE emission and DAP emission. For the microwall 

samples, at 1135 ℃,	
  the	
  PL	
  spectrum	
  peaks	
  at	
  3.412	
  eV	
  [141],	
  which	
  corresponds	
  to	
  the	
  basal	
  

stacking	
  fault	
  emission. With increasing temperature, the emission peaks have a redshift, with 

the peak value ranging from 3.349 eV to 3.364 eV, which is mainly originated from the DAP 

emission, since more oxygen will be incorporated as donors with increasing temperature. 
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After increasing the temperature further, the NBE emission is enhanced resulting from the 

improved material quality as indicated from the XRD rocking curves. 

	
  

Figure 5.6 Room temperature photoluminescence for samples grown under different 

temperatures, with planar structure grown as reference. 

	
  

5.2.3.2   Effect of NH3 flow rate 

In experiment set B, the flow rates of NH3 for microwall growth are 400, 700, 1000 

and 4000 sccm, respectively. Figure 5.7 shows the SEM morphologies of GaN microwalls 

grown under different NH3 flow rates. From Figures 5.7 (a) to (d), the structures seen from 

the top view of all the samples with different NH3 flow rates are shown, accompanied by 

their cross section views from Figures 5.7 (e) to (h). From Figures 5.7 (e) to (h), the 

morphologies evolve from a rectangle structure to a triangle structure, with increasing NH3 

flow rate. From Figure 5.7 (e), it can be indicated that growth rate of the semi-polar plane 

has surpassed those of the polar and non-polar planes. When we increase the flow rate of 

NH3, the top of the microwall becomes a little slanted, which means that passivation effect 
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[128] is much easier to happen due to high NH3 flow rate in which more H is decomposed 

from the NH3. When the flow rate is further increased, the passivation effect is more severe 

which will decrease the growth rate of semi-polar plane. More semi-polar planes will be 

exposed and the top surface becomes narrower compared with that of smaller NH3 flow rate. 

At last, the shape became nearly triangle when the flow rate increases to 4000 sccm. 

	
  

Figure 5.7 SEM images grown by continuous MOCVD techniques under different NH3 flow 

rates for both top view (a) 400 sccm, (b) 700 sccm, (c) 1000 sccm, (d) 4000 sccm and cross 

section view (e) 400 sccm, (f) 700 sccm, (g) 1000 sccm, (h) 4000 sccm. 

	
  

Figure 5.8 shows the Raman spectra for all the samples with different NH3 flow rates 

with all the E2 phonon peaks. All the peaks are shifted to the positive direction when 

compared with the strain-free GaN, which indicates that the thermal compressive strains are 

generated for all the samples. The peaks at the bottom GaN substrate ranges from 570 cm-1 

to 570.5 cm-1, while the newly grown structures always show a smaller value when compared 

with the bottom GaN. The strain in the semi-polar facet is larger than that in the polar facet. 

This result is consistent with the above analysis grown under different temperatures. 
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Figure 5. 8 Raman spectra of E2 (high) phonon peaks for samples grown with NH3 at (a) 400 

sccm, (b) 700 sccm, (c) 1000 sccm and (d) 4000 sccm, respectively. 

	
  

Figure 5.9 shows the rocking curves of the GaN microwalls grown at different NH3 

flow rates. The FWHMs for (102) reflecting plane at different flow rates are 0.1 degree and 

0.1 degree, respectively. From the results, we can conclude that dislocations do not change 

when the NH3 flow rate changes. From the peaks as shown in Figure 5.9 (a), GaN with 

rectangle structures presents larger diffraction angle, which means more compressive strain 

is generated when compared with the triangle structures and this result is consistent with the 

Raman analysis. 
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Figure 5.9 HRXRD rocking curves of (a) the symmetrical (002) reflection and (b) the 

asymmetrical (102) reflection planes for GaN microwalls grown under flow rate of NH3 at 

4000 sccm and 400 sccm. 

	
  

As shown in Figure 5.10, the intensity of PL for samples increases with increasing 

NH3 flow rate, while the peak energy shifts to a smaller value. GaN is often unintentionally 

n-doped due to oxygen donors arising either from diffusion from the sapphire substrate or 

from incorporation of impurities during growth [142]. For the samples with NH3 flow rate of 

400 sccm, the PL intensity is very low which is caused by defects and N vacancies generated 

in the process. Most of the photons are absorbed by the non-radiative recombination centers. 

When the NH3 flow rate is increased to 700 sccm, the intensity increases and two peaks 

appear, with one peak at 3.445 eV as the NBE emission and the other peak at 3.412 eV, which 

may be caused by DAP. When the flow rate increased further, the material quality increased 

further and the peak from DAP shifts further to smaller value. For improved material quality, 

the peak caused by the DAP emission changes down to 3.349 eV when the NH3 flow rate 

increased further. The red shift of all the peaks is due to the incorporation depth of the donors.  
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Figure 5.10 Room-temperature photoluminescence for all the samples with different NH3 

flow rates. 

	
  

5.2.4   Conclusions 

In summary, GaN microwalls with different morphologies have been achieved 

through SAG method in MOCVD system. When the growth temperature or injected NH3 

flow rate is modulated, the morphologies changes accordingly. The spatial strain distribution, 

defects generated and optical properties were analyzed by Raman spectrum, PL and HRXRD, 

respectively. Based on the results, the strain was mostly dependent on the morphology, the 

optical properties were determined by the temperature and NH3 flow rate, and the defects 

generated were mostly determined by the temperature. 

5.3   Semi-polar microwalls 

5.3.1   Introduction  

Semi-polar InGaN/GaN quantum wells have better properties, which make them 
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attractive alternatives to the commonly used polar QWs in LEDs. First, the intrinsic electric 

field across the QWs caused by the spontaneous and piezoelectric polarizations is greatly 

reduced [143]. The field reduction is expected to increase the spatial overlap of electrons and 

holes, and thus decrease the detrimental impact of the non-radiative and Auger 

recombination. Secondly, they have a good In uptake for the quantum wells due to its lower 

chemical potential than polar or nonpolar surface, which makes the high performance green 

or green-yellow LEDs possible [144]. However, the current challenge for widely adopting 

the semi-polar and non-polar LEDs is the small size and high price of semi-polar GaN 

substrates which are typically 10*10 mm2 in size and not easily accessible[145]. In order to 

develop a cost effective approach for achieving semi-polar GaN LED devices, the SAG 

method was applied to grow the semi-polar facet LEDs [143, 146, 147]. 

In order to study how the quantum wells grown on semi-polar facets affect the 

performance of InGaN/GaN-based LEDs, a full-structure microwall LED wafer is grown and 

both structural and optical properties are characterized in this work. 

5.3.2   Experiments 

Based on the growth method for GaN microwall templates prepared in last part, the 

microwall LEDs are grown. The strip is featured along <11-20> direction, for which only 

triangular structures can be formed [121]. After the GaN triangle strips were formed, the 

following procedure for the growth was the same as that used in planar structures except that 

the process started from the MQWs, as mentioned in Chapter 3. The contacts for the as-

grown epi-wafers were formed through putting indium ball on top. The structural property 

was captured by the SEM, and the EL spectrum was captured through the ocean-optics 

spectrometer, which was attached with an integrating sphere. 

5.3.3   Results and discussions 
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Figure 5.11 shows the surface morphology of as-grown full microwall LED devices, 

from which we can see the surface is very smooth. The triangular surface indicates the 

exposed facet is totally semi-polar. For all the triangular structures, they are connected at the 

bottom, implying good integration of all the microwalls. 

	
  

Figure 5.11 SEM morphologies for the grown semi-polar microwall structures, from (a) the 

top view and (b) the cross section view. 

	
  

Figure 5.12 shows EL measured in the integrating sphere, with the inset showing the 

lighted area at different positions. The measured EL shows that the FWHM is 95 nm, which 

is very broad and includes many different colors. The emission color at different positions 

can be directly seen from the light due to the randomness of the indium contact. Since the 

growth of the quantum wells are the same with that of the normal growth process, the 

wavelength is red shifted which means that the In intake is increased due to the semi-polar 

property [144].  

In order to study the EQE behavior and color emitting property, we will fabricate the 

epi-wafers to devices in the future to get more understanding about this kind of LEDs.	
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Figure 5.12 Electroluminescence of as-grown microwall LED, with inset showing the lighted 

up appearance at two different positions. 

	
  

5.3.4   Conclusions 

In conclusion, the full-structure microwall LEDs have been prepared. The surface 

morphology was captured by SEM, while the optical property was analyzed through the 

electroluminescence. The measured EL indicates more indium intake happens in the samples.  

5.4   Summary 

In summary, we have reviewed the problems arose during the fabrication of c-plane 

InGaN/GaN-based LEDs, and SAG method is proposed to realize the semi-polar and non-

polar LED growth. Then, some preliminary work for the microwall structures is introduced, 

from which we achieved different morphologies through modulating the growth temperature 

and NH3 flow rate. At last, an as-grown microwall wafer is characterized, which is a good 

basis for future studies.  
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Chapter 6 

 

 

 

Conclusions and Future plan
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6.1.   Conclusions 

In this thesis, InGaN/GaN-based LEDs have been studied from growth design to 

fabrication process and from planar structure to microwall structure. In order to improve the 

performance of the LEDs, we have designed different structures of epi-wafers. Besides, the 

fabrication process is optimized to enhance the performance of LED chips. Novel structure 

LEDs are also designed and optimized to further improve their properties. The major 

contribution of my work can be summarized as follows:  

For the design of the epi-wafers, we have theoretically demonstrated the super 

performance of the tandem LEDs, when compared with the conventional LEDs. Both of the 

efficiency droop and the electrical performance are enhanced and the underneath physics is 

more uniform carrier distribution and relatively decreased forward voltage. Besides the 

tandem LEDs, the Mg-doped LEDs are also grown, which present decreased forward voltage 

and improved thermal electrical stability. The improved electrical performance is due to the 

decreased depletion length and relatively increased acceptor concentration.  

During the fabrication process, the performance of the LED chips is improved due to 

the optimization of the reflective mirror through two methods. In the first method, we use the 

decoupled way to realize the high performance mirror, in which the ohmic contact is realized 

by the thin annealed Ni/Ag layer and high reflectivity is realized by pure silver deposition. 

Another method to realize reflective ohmic contact is by designing the thickness of 

InGaxNyOz interfacial layer. The optimized design allows the formation of a full InGaxNyOz 

layer that interfaces directly with the p-GaN and pure silver, which helps preserve the high-

reflectivity of the pure silver and realize high-performance ohmic contact. 

For the novel structures, microwall structure LEDs are designed and grown.  Some 

preliminary work for the GaN microwall growth was presented, in which different 
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morphologies were achieved through modulating the growth parameters, such as temperature 

and NH3 flow rate. Besides, an as-grown microwall LED device has been grown successfully, 

followed by a series of characterization process, which is a good basis for future studies. 

 

6.2.   Future plan 

Although a systematic work has been studied to improve the performance of LEDs 

during the last few years, there are still more work need to be done in the future.  

Since the heavily p-doped GaN is very difficult to realize due to high activation 

energy, high performance tandem LEDs as demonstrated in the theoretical research are not 

easy to achieve. Therefore, it is very important to find a replacement for the Mg dopant, 

which has low activation energy and helps achieve high p-doping level.  

For the polar InGaN/GaN-based LEDs, polarization charges are generated at the 

interfaces between different layers. If the growth direction can be converted from the Ga-

polar to N-polar, the polarization charges will have opposite symbol and the polarized electric 

field is changed over the quantum wells. If we can convert the Ga-polar to N-polar from the 

electron-blocking layer (EBL), the material quality of MQWs will not be degraded and the 

electric field generated in the MQWs will be counteracted by the charges induced by the 

polarization inverted EBL, which will in turn result in improved performance. 

During the fabrication process for the top-up structure LEDs, if we can replace the 

conventional Ni/Au transparent conductive layer with a single graphene layer and realize 

ohmic contact at the same time, the transmission can be greatly enhanced, which results in 

superior LED performance.  

During the fabrication process, the mesa etching is a necessary process, which 

exposes n-GaN for electrode deposition. However, a slanted sidewall existed after the etching 
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process. If we can optimize the angle through the simulation and realize it through etching, 

the performance of LED can also be improved.  

Before discussion about how the microwall LEDs are grown, microwall LEDs can be 

fabricated through top-down method, in which parameters such as slanted angle of sidewalls 

and period can be designed to optimize their performance. Besides, nano-particles can be 

coated on top of the sidewalls with dielectric material as spacer to realize the surface plasmon 

effect and thus enhance the output power.  

Microwall InGaN/GaN-based LEDs realized by MOCVD growth are novel and can 

contribute a lot to  LED performance. However, the research in this field is very limited. In 

the future, study can be focused on the following three aspects, including the efficiency droop 

property, current spreading effect and white-light generation. 
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Epitaxial growth, material characterization and 

numerical simulation for 

InGaN/GaN-based light-emitting diodes 
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In this chapter, the components of metal-organic chemical vapor deposition 

(MOCVD) system and epitaxial growth mechanism of III-nitride materials are described. In 

addition, different characterization techniques are introduced. Besides, the simulation 

methodology, advanced physical models of semiconductor devices (APSYS) [46], is 

introduced, which is used to study the underlying physics of LED devices with different 

structures.  

A.1   Metal-organic chemical vapor deposition (MOCVD) 

During the last two decades, MOCVD has gradually become a commercially epitaxial 

growth method to grow III-nitride materials due to low cost, simple operation and suitability 

for mass production [148].  

Figure A.1 shows the appearance of AIXTRON CCS MOCVD system in our research 

group. In this section, we firstly introduce the reaction precursors used in the growth process. 

The functions and properties of each precursor or carrier gas are described. Then, the gas 

diagram is shown and how the gas handling system can precisely control the reaction gases 

is explained, followed by the description of the close-coupled showerhead (CCS) chamber. 

At last, the growth mechanism and reaction process for the system are presented, followed 

by the introduction of in-situ process monitor by the interferometer.   
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Figure. A1 Appearance of 3×2〞AIXTRON CCS MOCVD system in our group. 

	
  

A.1.1   Reaction precursors 

Before we introduce how the epitaxial growth process happens, we first briefly 

describe the precursors and gases, which provide reaction sources and transport channels for 

the formation of III-nitride semiconductors. According to their properties, they are classified 

into the following types, group III precursors, group V precursors, doping precursors and 

carrier gases. 

A.1.1.1   Group III precursors 

Group III precursors are used to provide metal elements required in the growth process. 

There are mainly two types of precursors, the trimethyl (TM)(3CH3) and triethyl (TE) 

(3CH3CH3) alkyls series which are combined with metallic atoms (Ga, Al, In) [149]. The 

TM sources are frequently used because of their higher vapor pressure and greater stability 

[150]. The TE sources are normally used at lower pressure since they pyrolyze without 

producing CH3 radicals and thus decrease the carbon incorporation in the epitaxial layers 

[151]. For all the functions of each precursor, TMGa is used for GaN/AlGaN material 
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growth, TEGa is used for InGaN/GaN quantum well growth, TMIn is used for indium 

incorporation of InGaN quantum well and TMAl is used for AlGaN growth. 	
  

A.1.1.2   Group V precursor 

NH3 is the group V precursor, which provides nitrogen source for III-nitride material 

growth [152]. Due to the high volatility of nitrogen during GaN growth, it is rather difficult 

to produce the required high quality films with a low N-vacancy level, which could lead to a 

high residual n dopant concentration in the as-grown intrinsic GaN materials [132]. A high 

partial pressure of NH3 during the growth is always required to reduce the N vacancy 

concentration in 2D growth. 

A.1.1.3   Doping precursors 

Silane provides silicon for n-doping, while Cp2Mg provides Mg for p-doping [153]. 

At room temperature, silane is a pyrophoric gas and must be handled very carefully to avoid 

spontaneous combustion in air [154]. Cp2Mg provides Mg dopant for p-type III-nitride 

growth, but the Mg activation energy is very high as mentioned previously. The other 

problem for the p-doping is the memory effect, which is probably due to adsorption of these 

precursors (Cp2Mg) on the wall or quartz parts of the reactor [155]. This makes the abrupt 

changes of doping profile very difficult and special attention should be paid for run-to-run 

reproducibility after the p-doping process. 

A.1.1.4   Carrier gases 

H2 is used as carrier gas for most of the growth process. In some special cases,  N2 is 

also used as carrier gas, such as in the growth of InGaN/GaN-based quantum wells, since H2 

carrier gas hinders the incorporation of indium [156]. 

A.1.2   Gas diagram and handling system 

Figure A.3 shows the gas diagram for the MOCVD system, which describes how the 
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precursors run in the gas lines. In the diagram, A is N2 purifier, B is H2 purifier, C is NH3 

purifier, D is Hygrometer, E is the Hydride source channel, F is the MO source channel, G is 

the MO bubbler, H is the Gas supply for hydride sources, I is the Gas supply for run lines, J 

is the Hydride run line, K is the Hydride vent line, L is the Gas supply for auxiliary gas pipes, 

M is the Purging gas line- reactor sight glass, N is the MO1 run line, O is the MO1 vent line, 

P is the MO run bypass, Q is the MO2 run liner, R is the MO2 vent line, S is the Gas supply 

for venting, T is the Gas supply for MO2 sources, U is the Gas supply for MO1 sources and 

V is the MO vacuum (for changing the MO bubbler). 
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Figure. A2 Gas diagram for III-nitride material growth. [157] 

 

Besides the gas diagram, the gas handling system is introduced with the purpose of 

delivering the reactant into the growth chamber precisely without transients due to the change 

of the pressure or gas flows. 
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For gas phase source, the mass flow controller (MFC) can be used to control the molar 

mass flow rates precisely. For solid or liquid phase sources, such as MO precursors, the exact 

amount of materials is controlled by the MFC, as well as the pressure and temperature 

controller. The carrier gas flows into the bubbler to transport MO precursor vapors and the 

MO push gas dilutes the mixture of carrier gas and MO precursor to prevent the precipitating 

and contaminating from the gas line. More H2 or N2 will flow through the MO run line to 

further dilute the MO precursors and take the mixture into the reactor. As shown in Figure 

A3, a general method of calculating the MO source flow in the system is given. 

	
  

Figure. A3 Gas lines for an MO source with double dilution. [157] 

	
  
A is the carrier gas supply, B is the run/vent line, C is the pressure controller, D is the source 

input MFC with the flow rate of Fsource, E is the dilution MFC with the flow rate of Fdilute, F 

is the inject MFC with the flow rate of Finject, G is the pressure controller, H is a 4/2 pneumatic 

valve, I is the MO vacuum, J is the thermal heat bath to hold the MO bubblers and K is the 

MO bubbler. 

𝐹 = 𝐹'mn*o(×
pqrstuv

pqrstuvwpxyzs{v
   (A.1) 

Here, F is the effective flow rate of the precursors which can be precisely tuned for the 
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reaction process through the combination of Fsource, Fdilute and Finject. 

A.1.3   Chamber design 

The close-coupled showerhead (CCS) MOCVD system from Aixtron Company was 

used to grow III-nitride materials for our research. For CCS technology [158], the chamber 

is vertically designed, the main body is made of stainless steel and the main gas flow is 

injected into the reactor over the entire substrate surface via the small holes in the 

showerhead, as shown in Figure A4 (a). The distance between the showerhead and the 

substrate is very small, and the process gas is introduced into the reactor through many small 

holes, in which way a more uniform process gas distribution over the substrates can be 

achieved. During the injection process, reactants are separated by many small tubes, as shown 

in Figures A4 (a) and (b). The substrates lie on a rotating susceptor heated by a resistance 

heater, as shown in Figure A4 (c). Separate heating zones enable the temperature profile to 

be adjusted in such a manner that the susceptor always has the same temperature over its 

entire surface as shown in Figure A5. 

	
  

Figure. A4 (a) The cross section and (b) the detailed view for the showerhead, (c) the 

holder for substrates. [157] 
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Figure. A5 Tungsten filament for substrate heating, with three colors denoting three heating 

zones. [157] 

	
  

A.1.4   Growth mechanism and reaction process 

The schematic diagram in Figure A6 shows the fundamental reaction mechanism for 

III-nitride materials  grown through the MOCVD system [159].  

	
  

Figure. A6 General reaction process in MOCVD. [159] 
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During a growth process, the main gas flow, which is composed of reaction gas and 

carrier gas, is injected into the chamber, and transported to the surface of the heated and 

rotated substrate. Gas molecules will break up and release desired atoms, which will react 

and form nucleation islands, accompanied with pyrolysis process, as well as physical 

processes. Then the formed islands will gradually expand, merge to each other and form 

planar structures. 

The basic MOCVD reaction describing the GaN deposition process can be described 

by the following reaction [160]: 

Ga(CH3)3(v) + NH3(v) -->GaN(s) + 3CH4(v), where (v)=vapor and (s)=solid  (A.2) 

Conventional GaN growth in MOCVD usually occurs over a wide temperature range 

(600°C–1100°C), during which the growth is limited by mass transport of the group III 

reactant to the growing interface. Because the diffusion process is slightly temperature 

dependent, there exists a slight increase in the growth rate when the growth temperature 

increases. Growth optimization is typically done by empirical studies of external parameters 

such as growth temperature, V/III ratio, substrate tilt and mass flow rates. 

During this process, there are also some precursors or reaction products being 

desorbed back into the gas flow, which will be pumped out through filter and scrubber 

system. 

A.1.5   In-situ reflectance monitor 

The Interferometer as shown in Figure A7 uses Fabry-Perot interferometry to monitor 

and analyze the MOCVD growth of thin-film materials [161]. For the blue emitting material, 

GaN, the film extinction coefficient is low (k <0.01) for the red probe wavelength (635nm) 

used in the AIXTRON Ltd. interferometer. Therefore, attenuation of the probe intensity due 

to absorption is negligible and any significant changes in the reflected intensity from that 
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predicted by theory is likely to be due to factors other than absorbance. This gives us an 

advantage in the interpretation of GaN growth as the growth of this material, typically, 

proceeds in a very unusual manner. As shown in Figure A8, a and b correspond to the 

deposition and annealing of the nucleation layer, respectively. In a, the nucleation layer is 

initially a continuous and smooth film, and in b, this image shows that the reduction in 

reflectivity is due to the formation of a number of discrete islands with the sapphire substrate 

exposed between them. c, d, e, and f  correspond to the deposition of the high temperature 

buffer layer to a thickness of 70, 200, 450 and 1700 nm, respectively. The transition from 

three-dimensional to pseudo-two dimensional growth can be clearly seen. As the islands 

coalesce, and the roughness reduces, the reflectivity is seen to increase. The surface 

morphologies of samples grown on sapphire substrate at different stages can be observed 

using AFM as shown in Figure A9. 

	
  

Figure. A7 Schematic diagram for the setup of interferometer. 
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Figure. A8 Variation of reflectivity with time for the deposition of GaN on sapphire.[161] 
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Figure. A9 AFM images of GaN film at different growth stages. [161] 

	
  
A.2   Material characterization techniques 

A.2.1   Scanning electron microscopy (SEM) 

SEM is one of the mostly used microscopes, which generates images by scanning the 

electron beams on the sample and measuring the signals that contain information about the 

surface morphologies by the detector [162]. For my thesis work, the SEM was used to study 

the morphology of both the annealed mirror surface and the as-grown GaN epi-wafers, which 

was important for us to understand the underneath mechanism for the improved mirror 
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performance and different as-grown GaN morphologies. 

A.2.2   Atomic force microscopy (AFM) 

AFM is used to characterize local properties of material surfaces. The surface 

morphologies are achieved through measuring the reflecting laser by moving a tip across the 

samples [163], which is realized through three imaging modes, which are contact mode, 

tapping mode and non-contact mode. For my work, the tapping mode was used to capture 

the surface roughness of the as-grown epi-wafers and mirror contacts. 

A.2.3   High-resolution x-ray diffraction (HRXRD) 

HRXRD rocking curve is used to characterize the structural properties of 

semiconductors, including stress, dislocations and defects. The mechanism for the XRD 

measurement is based on Bragg’s law, which means the diffracted emission peak happens at 

one specific angle where the constructive interference occurs. However, the defect generated 

in the semiconductor crystals can broaden the emission peaks, and its density can be 

calculated through measuring the FWHM of its x-ray rocking curves. Figure A10 (a) and (b) 

show typical x-ray rocking curves of GaN measured along symmetrical (002) and 

asymmetrical (102) reflection planes, respectively. This measurement was used to feature the 

material quality for as-grown epi-wafers grown by MOCVD system. 
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Figure. A10 Typical rocking curves of GaN measured along (a) (002) and (b) (102) 

reflection planes. 

	
  
A.2.4   Photoluminescence (PL) spectroscopy 

PL spectroscopy is used to characterize the optical properties of semiconductors. It is 

one kind of light emission from materials after absorption of photons. There are many 

mechanisms for PL emission in III-nitride materials, such as free exciton recombination, 

exciton bound to a neural donor or acceptor, one LO phonon replica and donor-acceptor pairs 

[164]. The peaks of the PL spectrum can be used to identify the emission mechanisms, while 

the intensity and the FWHM can be used to characterize their crystal qualities. In this thesis, 

PL spectroscopy was used to characterize the property of epi-wafers grown by MOCVD 

system. 	
  

A.2.5   Raman spectroscopy 

Raman spectroscopy is widely used to measure the in-plane strain and stress of III-

nitride semiconductors [131]. There are six active phonon modes existed and among them E2 

high and A1(LO) [133] modes can be used to measure the strain states of the semiconductors. 

Usually, the blue shift of the phonon frequencies for the measured modes is attributed to the 

compressive strain, while the redshift is caused by the tensile strain [136]. For the A1(LO) 
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mode, it is also affected by the free carriers’ concentration and long-range electrostatic forces 

[132, 165, 166]. During my research, Raman spectroscopy was used to measure the in-plane 

stress of GaN microwall structures, which could be indicated from the position and offset of 

the Raman shift when compared with the strain-free samples. 

A.2.6   Secondary ion mass spectroscopy (SIMS) 

SIMS is used to measure the element depth profile along a definite direction. During 

a time of flight (ToF) SIMS measurement process, the specimen surface is sputtered by a 

focused primary ion beam, and the mass/charge ratio of these ejected secondary ions is 

measured by a  mass spectrometer, which determines the elemental, isotopic or molecular 

composition of the surface to a depth of 1-2 nm [167, 168]. SIMS is the most sensitive surface 

analysis technique with elemental detection limits ranging from parts per million to parts per 

billion. During my work, SIMS was applied to measure the element depth profile for mirrors 

both before and after annealing, which sheds light on the mechanism of better performance 

in the proposed structures.  

A.2.7   X-ray photoelectron spectroscopy (XPS) 

XPS characterization is used to investigate the chemical composition on the sample 

surface [169]. During the XPS achieving process, the sample is irradiated by a beam of X-

rays and photoelectrons with different kinetic energies generated in the process are ejected 

out and measured simultaneously [170, 171]. The peaks and energy intensities appeared in 

the spectrum enable the identification and quantification of all the surface elements, except 

that hydrogen and helium are not easily detectable by using laboratory-scale x-rays. During 

my PhD work, XPS was applied to check the elemental surface states of the p-GaN after ITO 

annealing and measured results provided me evidence to explain the optimized performance 

of mirror in the proposed sample.  
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A.3   Numerical simulation technique 

A.3.1   Advanced physical models of semiconductor devices (APSYS) 

In addition to the experimental characterization techniques mentioned above, 

simulation was also applied to study the optical and electrical performance of InGaN/GaN-

based LEDs, which was realized through a 2D/3D modelling method by APSYS software. 

Based on many advanced physical models, including drift-diffusion model, spontaneous 

emission spectrum, heat flux equation and ray-tracing methods, the simulated results are 

calculated through finite element analysis [172, 173].  Many important results, such as optical 

power, carrier distribution and band diagrams at different current levels can be achieved from 

the simulation, which will not only be very helpful for us to understand the underlying 

physics of peculiar LED performances, but also provide us  guideline about how to improve 

the performance of LED devices. 
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