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Chapter 1. Introduction 

 

Practical light has contributed to the development of the human race, enabling humans to 

continue working at night. Therefore, humans could save time and become more productive 

because of the presence of artificial light. Historically, humans invented the first lamp around 

at 70000 BC. In the 7
th
 century BC, terracotta lamps were manufactured by the Greeks. After 

developing the central burner, which is part of an oil lamp, lamp design was much improved 

in the 18
th
 century.

1) 
Until the 18

th
 century, olive, fish, nut, and similar oils were used as 

lighting fuels. However, these were improved with the invention of new light lamps, such as 

gas, and oil lamps. The incandescent light bulb, which is a form of electric light, began to be 

used in the AC 19
th 

century. Over the last 100 years, light lamps, such as incandescent and 

fluorescent lamps, have become indispensable in our daily life.  

  
From 2000 year, energy and environmental issues came to the fore in our daily life. To save 

power and limit carbon dioxide emissions, the most energy-efficient and environmentally-

friendly light sources, such as solid-state light-emitting diodes (LEDs), have been rapidly 

investigated, as shown in Fig. 1.  

 

Figure 1 Evolution of lighting technologies with luminous efficacy over 200 years.
2)
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1.1 History of blue light-emitting diode 

 

The first LEDs were accidentally discovered by Henry Joseph Round in 1907 using SiC 

(carborundum).
3)

 In 1938, Juza and Hahn reported the first GaN material in the form of a 

powder, which was produced by reacting liquid Ga metal with NH3.
4)

 At that time, the GaN 

material did not receive attention owing to the technical problems with its growth. However, 

Maruska and Tietjen succeeded in growing a single-crystal GaN layer on sapphire substrates 

by hydride vapor phase epitaxy and investigated the band-gap energy (3.39 eV) and direct-

transition band structure of the GaN metarial in 1969.
5) 
In the early 1970s, the ýrst blue LED 

having a metalïinsulatorïsemiconductor (MIS) structure was reported by Pankove et al.
6) 

Despite the remarkable development of GaN-based LEDs, research activities could not be 

carried out for a while because of the poor crystal quality of the GaN layer.  

  Akasaki and Amano finally reported GaN with high crystal quality grown using a low-te

mperature AlN buffer layer.
7)

 They also demonstrated the first p-type conduction in Mg-

doped GaN layers by low-energy electron-beam irradiation in 1989.
8)

 The first blue LEDs 

with candela-class brightness and having with an InGaN/AlGaN double heterostructure were 

achieved by Nichia Chemical Industries Corporation in 1993.
9) 

 

Owing to these technical revolutions, GaN-based LEDs have become an essential form of 

general lighting today. 
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1.2 Crystallography of GaN material 
 

 

 

  Nowadays, GaN has various prospects for applications in visible and ultraviolet LEDs, 

high-power devices, and microwave devices. This is because GaN has a very wide bandgap 

(3.39 eV direct gap at room-temperature), high thermal stability, high thermal conductivity, 

and high electron saturation velocity.
10)

 GaN exhibits a polytype wurtzite structure, which is 

the most thermodynamically stable form of GaN. This wurtzite structure consists of Ga and N 

pairs stacked in an ABABAB sequence. Figure 1.2 shows the unit cell of the wurtzite 

structure and the atomic arrangement of Ga-face GaN. The Bravais lattice constant of the 

wurtzite structure is defined by the lattice parameters a and c, as shown in Fig. 1.2 (a). 

  The GaN surface is terminated by Ga atoms in GaN growth by metal organic vapor phase 

epitaxy (MOVPE). Figure 1.2 (b) shows the growth surface of GaN grown on a polar c-plane 

sapphire substrate. The (0001) Ga face has a Ga atom that combines with three N atoms. On 

the other hand, the (000-1) N face has N atoms that each combine with three Ga atoms.
11) 

It is 

wellknown that Ga-face GaN is not as chemically active as N-face GaN.
12) 

 

 

 

Figure 1.2 (a) Wurtzite structure of GaN. (b) Atomic arrangement of Ga-face GaN.
10) 
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1.3 Historical survey of nonpolar GaN growth 
 

 

 

Despite notable achievements in LED performance, conventional c-plane GaN LEDs suffer 

from strong internal fields induced by the spontaneous and strain-induced piezoelectric 

polarizations in the c-direction. These polarization-related fields exhibit the quantum-

confined Stark effect (QCSE), which can decrease the transition probability in c-plane GaN-

based quantum well (QW) structures.
13-16)

 Nonpolar crystal orientations have emerged as 

promising candidates to overcome this problem.  

In the late 1990s, theoretical calculation showed that GaN orientations along the [1-100] 

(m-plane) and [11-20] (a-plane) directions could avoid internal electrical fields by growing 

QWs.
17,18) 

In 1974, Pankove and Schade first
 
reported nonpolar GaN samples grown by 

chemical vapor deposition.
19) 

In 1976, Sano and Aoki reported nonpolar a-plane (11-20) GaN 

growth by hydride vapor phase epitaxy (HVPE).
20)

 Waltereit et al. reported the growth of the 

first nonpolar m-plane (1-100) GaN/AlGaN QWs on LiAlO2 by molecular beam epitaxy 

(MBE). They demonstrated the absence of polarization-induced electrostatic fields in QWs in 

2000.
14) 

In 2002, the first a-plane GaN
21)

 and AlN
22)

 layers grown on SiC substrates by 

MOVPE were reported. The first a-plane InN layers were grown on r-plane sapphire 

substrates by MBE in 2003.
23) 

The first UV LED-based a-plane InGaN/GaN MQWs were 

grown on r-plane sapphire substrates in 2003.
24) 

After these first achievements of nonpolar 

GaN growth by different methods, many groups have become the advancement of absorbed 

in research on nonpolar-based LEDs.  
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1.4 Nonpolar GaN 

 

  Figure 1.3 shows schematic views of polar c-plane and nonpolar a- and m-planes of the 

wurtzite structure. Most of the commercial LED devices today are based on wurtzite nitrides 

grown in the polar [0001] (c-axis) growth direction. Nonpolar planes in the wurtzite crystal 

are perpendicular to the [0001] polar direction, as shown in Fig. 1.3. There are two surfaces 

perpendicular to the c-axis, which form nonpolar (11-20) and (1-100). These two surfaces are 

the most preferable because these is no spontaneous polarization field.
25)

 

 

Figure 1.3 Schematics of polar c-plane and nonpolar a- and m-planes. 

 

Figure 1.4 Atomic configurations of polar c-plane and nonpolar a-plane. 
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Figure 1.4 shows the atomic arrangements of the (a) polar and (b) nonpolar surfaces 

viewed along the [1-100] direction. In the case of polar growth on a sapphire substrate, the 

GaN surface is determined by Ga or N atoms. On the other hand, on the nonpolar GaN 

surface, Ga and N atoms always exist at the same time, as shown in Fig. 1.4 (b). 

 

 

Figure 1.5 (a) Stick representation of sapphire r plane. (b) Atomic arrangement of sapphire r-plane with GaN a- 

plane overlaid.
26) 
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It is wellknown that uniformly oriented nonpolar a-plane GaN layers can be grown on r-

plane sapphire substrates owing to a good lattice match. Figure 1.5 shows the theoretical 

lattice match of a nonpolar a-plane GaN layer grown on an r-plane sapphire substrate. In the 

case of sapphire the r-plane, a rectangular grid of oxygen ions with an O
2-

 ion within each 

rectangle is contained, as shown in Fig. 1.5 (b).
26)

 The lattice mismatch between the a-plane 

GaN layer and the r-plane sapphire substrate is 1.1% along the c-direction and 16.1% along 

the m-direction.
27) 

The Ga polarity has a 4-5 times faster growth rate than the N polarity in the 

a-plane GaN layer.
28) 

These cause a rough surface, poor crystalline quality, and 

noncoalescence, while planar a-plane GaN layers are grown on planar r-plane sapphire 

substrates.  

  The lattice and thermal mismatches between the r-plane sapphire substrate and the a-plane 

GaN layer result in the presence of compressive strain, which affects the fundamental 

material properties such as surface cracks and LED device characteristics. Nonpolar GaN in 

the presence of strain is particularly anisotropic because the sapphire and GaN layers along 

the [0001] and [1-100] directions have in-plane anisotropies owing to the different lattice 

matchings and thermal expansion coefficients.
29,30)

 The stress-strain relationship in the 

nonpolar a-plane GaN layer can be expressed as a simple relationship among between the 

three strain components:
31,32)

  

Ůyy = ‐  ‐  
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1.5 Motivation of nonpolar GaN   

   

   
Over the past few years, nonpolar GaN LEDs have been attracting attention as promising 

candidates for removing the QCSE, which arises from strain caused by the lattice mismatch 

between InGaN and GaN layers and is markedly present in polar GaN LEDs owing to the 

large piezoelectric field in the QWs.
33)

 Thus, the strained polar InGaN/GaN region exhibits 

the band bending phenomenon, as shown in Fig. 1.6 (a). This phenomenon can reduce the 

oscillator strength of excitons in the active areas and decrease the radiative recombination 

efficiency. As a result, the QCSE causes the degradation of LED performance owing to the 

low transition probability in the active areas.
13-16) 

 

  
The QCSE in GaN-based heterostructures can be eliminated by using nonpolar orientations 

such as a-axis [11-20] and m-axis [1-100]. Figure 1.6 shows polarization-related band 

diagrams for wurtzite heterostructures. Polarization charges do not affect the planar 

heterointerfaces such as QWs grown on nonpolar GaN layers since the polar axis lies within 

the growth plane of GaN layers. Therefore, nonpolar GaN layers are promising for LED 

devices owing to the elimination of the QCSE and the increase in quantum efficiency. In 

addition, nonpolar GaN layers have the benefits of direct linearly polarized light emission
35) 

and high hole concentration in the p-type GaN layer.
36)

 The polarized light emission induced 

can increase the efficiency of applications that require polarized light emission.
34)

  

  
Despite these strong merits, the performance of nonpolar GaN-based LEDs is still worse 

than that of conventional polar GaN-based LEDs. This is mainly attributed to the poor 

crystalline quality of nonpolar GaN layers with a high defect density such as threading 

dislocations and basal stacking faults. To fabricate a high-efficiency nonpolar LED, it is 
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essential to investigate the methods of improving the crystalline quality and quantum 

efficiency.
 

 

Figure 1.6 Schematics of polarizations and energy band diagrams of (a) polar c-plane InGaN/GaN QW structure 

and (b) nonpolar a-plane InGaN/GaN QW structure.
34) 
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1.6 GaN growth technique: metal organic vapor phase epitaxy (MOVPE) 

 

  The epitaxial growth technique in III-V compound semiconductors is classified into liquid- 

phase epitaxy (LPE), vapor-phase epitaxy (VPE), and molecular beam epitaxy (MBE). In 

1958, VPE and MBE were invented for epitaxial growth. However, VPE could not be used in 

Al -containing compounds and it was difficult  to grow materials by MBE with high vapor 

pressure. LPE was invented for high-purity epitaxial growth at low temperatures in 1963. The 

LPE growth technique limited the substrate area and had poor control over the growth of very 

thin layers. In 1968, MOVPE was invented for the mass production of high-crystalline- 

quality epilayers with a fast growth rate.  

  Manasevit et al. grew GaN and AlN layers on sapphire substrates by MOVPE in 1971.
37) 

Amano et al.
8)

 and Nakamura et al.
38)

 demonstrated marked improvements in AlN and GaN 

buffer layers, which led to the development of n- and p-type doping processes. In general, the 

growth of III-V compound epilayers is carried out by introducing alkyls for group III and 

hydrides for group V onto heated substrate inside a vacuum chamber.
39)

  

In GaN growth by MOVPE, group III alkyl metal organic (MO) sources use trimethyl

gallium (TMGa), trimethylindium (TMIn), trimethylaluminum (TMAl), and bis 

cyclopentadienylmagnesium (Cp2Mg) as precursors o f  Ga, In, Al, and Mg elements, 

respectively. Silane (SiH4) is used as a precursor of the Si element. Ammonia (NH3) is used 

as a precursor of N.  

 Figure 7 shows a schematic diagram of the MO source bubbler in the MOVPE system. The 

flow rate (F) of the MO source can be controlled by adjusting the temperature (T), pressure 
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(P), and carrier gas flow rate (Fcarrier) on the basis of the following equation. 
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Figure 7 Schematic view of conventional MO source bubbler used in MOVPE. 

 

  
The gas-phase reactions of TMGa and NH3 have been studied under various conditions. In 

low-temperature growth (<150 °C), TMGa and NH3 react to form the adduct trimethylgallium 

monamine (TMGa:NH3).
40-42)

  

(CH3)3Ga + NH3      (CH3)3Ga:NH3 

TMGa:NH3 has a moderate melting point of 31 °C and a low vapor pressure of approximately 

1 Torr at room temperature.
43)

 The energy of this Ga-N coordination bond is 21.1 kcal/mol 

(theoretical) and 18.5 kcal/mol (experimental).
44) 

In general, the GaN layer is grown at approximately 1050 °C owing to the low cracking 

efficiency of NH3. The high-temperature gas-phase reactions between TMGa and NH3 can be 

described as
39) 
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Ga(CH3) 3(v) + NH3(v)    GaN(s) + 3CH4(v). 

 

Figure 8 Schematic representation of chemical reaction of GaN growth on r-plane sapphire substrate using 

MOVPE system.
45) 

 

Figure 8 shows the growth mechanism of an a-plane GaN layer on an r-plane sapphire 

substrate using the MOVPE system. TMGa and NH3 molecules are introduced into a high-

temperature MOVPE reactor by H2 carrier gas. TMGa and NH3 are mixed and diffused. Some 

TMGa and NH3 molecules are decomposed by pyrolysis and a gas-phase reaction in the high-

temperature reactor. Ga and N atoms diffuse to the growth surface of the substrate, and the 

precusors migrate to the growth site on the substrate, as shown in Fig. 8. 
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1.7 Problems of nonpolar a-plane GaN grown on r-plane sapphire by 

MOVPE 

 

  Sapphire substrates are commonly used for growing GaN-based LED epitaxial layers 

owing to the capability of the mass production, scaling-up of the wafer size in fabrication, the 

low price, and their stable chemical, mechanical, and thermal properties. Therefore, growing 

nonpolar a-plane GaN-based LED epitaxial layers on r-plane sapphire substrates is the most 

appropriate method of fabricating a commercial nonpolar-based LED device. However, when 

nonpolar a-plane GaN layers are grown on r-plane sapphire substratea, the epitaxial layers 

have a high defect density owing to the large lattice mismatch and the difference in the 

thermal expansion coefficient between GaN and sapphire. 

For the [0001]GaN direction: 

Ὢ  . 

For the [1-100]GaN direction: 

Ὢ  . 

The lattice mismatch of a-plane GaN and r-plane sapphire is f[0001] = 1.1% and f[1-100] = 16.1%.
 

In addition, the thermal expansion at room temperature is 25-30% higher for GaN than for 

sapphire, which can lead to considerable expansion of the GaN lattice with respect to the 

sapphire lattice.
46)  

  The lattice misfit between the GaN layer and the sapphire substrate is generally the origin 

of the defect formation. In the case of nonpolar a-plane GaN grown on r-plane sapphire, 

structural defects such as dislocations and stacking faults are major cause of the degradation 
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of nonpolar-based LED devices.  

The dislocations can act as nonradiative recombination centers as well as current short-cut 

paths causing the degradation of the LED device lifetime. In general, dislocations are 

characterized by Burgers vectors, which represent the atomic displacement. In the case of  

a-plane GaN, partial dislocations (bp=1/3<1-100>, 1/2<0001>, and 1/6<2-203>), screw 

dislocation (bs=1/3[11-20]), pure edge dislocation (be=[0001]), and perfect mixed dislocation 

(bs=1/3<11-23> and bm=1/3<-12-10>) are generally revealed by transmission electron 

microscopy (TEM) measurements.
46)

 Typical dislocation densities such as those of perfect 

and partial dislocations are in the range of 10
10

 cm
-2

.
47) 

 

  In high-quality polar c-plane GaN, stacking faults can hardly be observed, which are 

usually associated with poor nucleation layer condition. Stacking faults have a tendency to 

basal plane stacking faults (BSFs) in nonpolar-based GaN.
48)  

The BFSs are of three common: the intrinsic I1 type (stacking sequence 

ABABABCBCBCB), I2 type (stacking sequence ABABABCACACA), and the extrinsic E 

type (stacking sequence ABABCABAB). In the case of a-plane GaN, the intrinsic I1 type is 

easily formed during epitaxial growth. The intrinsic I1 type is a lowest energy BSFs with 

formation energy of 1.81 × 10
-2

 J/m
2
.
49)

 When an a-plane GaN layer is grown on an r-plane 

sapphire substrate, typical BSF densities are in the high 10
5
 cm

-1
 range.

50-53) 
The intrinsic I1 

type BSFs are terminated by FrankïShockley partial dislocations (PDs) with Burgers vector b 

= 1/6<20-23> according to the results of TEM measurements.
54, 55) 

 

 

 



15 

 

1.8 Ohmic contact problems of nonpolar p-type a-plane GaN layer 

 

  Theoretically, an n-type GaN layer can achieve an Ohmic contact with low-work-function 

metals. On the other hand, the p-type GaN layer requires high-work-function metals to form 

an Ohmic contact.
56)

 Tsai et al. reported that polar and nonpolar p-type GaN layers can form 

an Ohmic contact by using a metal with a work function higher than 4.5 and 7 eV, 

respectively.
57)

 In case of the nonpolar surface, the relaxtion can cause a surface dipole layer, 

which increases the work function of ~2 eV. This indicates that a nonpolar p-type GaN layer 

can not form an Ohmic contact by using currently existing metals. It is wellknown that 

platinum (Pt) has a highest work function of 5.32 eV. 

 So far, only two groups have reported good Ohmic contact behavior in a nonpolar p-type 

GaN layer.  Haeger reported a near-Ohmic contact using Pt (7 nm)/Pd (7 nm)/Au (100 nm) 

layers. The specific contact resistance of the nonpolar p-type GaN on the m-plane bulk was 

~5 × 10
-3

 ɋcm
2
.
58)

 Oya and Yokogawa reported a low-contact-resistance p-type electrode for 

nonpolar m-plane GaN using Mg (7 nm) as the electrode material. The specific contact 

resistance was reduced to 8 × 10
-4

 ɋcm
2
.
59) 

  Improving the Ohmic contact of nonpolar-based p-type GaN layers is still a challenging 

task to enhance the performance of nonpolar-based LED devices.  

 

 

 

 

 

http://endic.naver.com/search.nhn?query=platinum
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Chapter 2. Growth of nonpolar a-plane with various 

techniques 

  

 2.1 Background 

 

 III -nitride research has mainly focused on the epitaxial growth and properties of c-plane 

GaN layers and devices. Low-temperature (LT) AlN
1, 2)

 and GaN
3) 

buffer layers were used to 

improve the quality of c-plane GaN on sapphire substrates in groundbreaking studies. These 

studies were indispensable and set standards for the growth of high-quality polar c-plane GaN 

layers. The growth of c-plane GaN layers on (0001) SiC substrates has also been facilitated 

by low-temperature buffer layers.
4-6)

 However, these heterostructures and optoelectronic 

devices are strongly impacted by piezoelectric and spontaneous polarization effects. To avoid 

polarization-related effects, the use of nonpolar GaN planes such as {1-100} m-planes and 

{11-20} a-planes has been suggested. Since 2000, several research groups have improved the 

crystal quality of nonpolar GaN using different epitaxial growth techniques. Waltereit et al. 

and Craven et al. demonstrated considerable progress in nonpolar GaN layer growth by 

molecular beam epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD).
7, 8)

 

  To optimize buffer layer conditions of a-plane GaN, nucleation layer was studied by 

temperature dependence growth and time dependence growth. After optimizing nucleation 

layer, undpoed GaN layer was also studied by temperature dependence growth. From these 

results, multi buffer layer was investigated to obtain high-quality a-plane GaN layer. 
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2.2 Growth of nucleation layer 

 

 2.2.1 Experimental details 

 

  To obtain a high-quality a-plane GaN layer, the first step in the study of a-plane GaN 

growth is to investigate the nucleation layer. Various nucleation layers such as LT GaN, high-

temperature (HT) AlGaN, and HT GaN have been used to reduce the amount of extended 

defects in the a-plane GaN layer.
9)

 We considered an HT nucleation layer, which provides 

nucleation sites for initial GaN growth on the surface. It is wellknown that the HT nucleation 

layer is effective for froming large nuclei, which result in a fully coalesced high-quality a-

plane GaN layer.
10) 

 

(11-20) a-plane GaN nucleation layers were grown on (1-102) r-plane sapphire substrates 

tilted -0.2° off-axis in the c-axis [0001] direction in a mixed atmosphere of N2 and H2 using a 

NIPPON SANSO 2 in. MOCVD system based on a face-up horizontal reactor.  

Trimethylgallium (TMGa) and ammonia (NH3) were used as the source materials of Ga 

and N, respectively. Before the growth of a-plane GaN nucleation layers, r-plane sapphire 

substrates were annealed for nitridation in a 6 standard liter per minute (SLM) flow of pure 

NH3 at 1050 °C and 75 Torr for 5 min. Various growth times were adopted from 2 to 9 min to 

control the nuclei shape, size, density, and thickness. The flow rates of TMGa and NH3 were 

75 µmol/min and 1.5 SLM (V/III ratio: 893), respectively. For comparison with the HT 

nucleation layer, an LT nucleation layer was also deposited at 550 °C and 75 Torr for 6 min. 

The surface morphologies of the nucleation layers were characterized by atomic force 

microscopy (AFM) and scanning electron microscopy (SEM).  
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2.2.2 Results and Discussion 

 

  Figure 2.1 shows AFM images of the HT nucleation layer. Three-dimensional nucleate 

islands were formed on the r-plane sapphire substrates. The samples were scanned in a 2 × 2 

ɛm
2 

area by tapping-mode AFM measurements. To obtain nuclei with a regular shape and 

isotropic morphology. The nucleation growth time was increased from 2 to 9 min. In the case 

of 2 min nucleation, hardly any GaN nuclei could be found on the surface. On the other hand, 

for the 3 min growth time, irregular nuclei with anisotropic shapes were clearly observed 

along increased root mean square (RMS) surface roughness. However, these shapes of the 

nuclei result in a high density of partial dislocations, which are bounded basal plane stacking 

faults. The partial dislocations originate from the in-plane anisotropic strain in c- and m-

directions.
11)  

To confirm the large area of the GaN nuclei, each sample was characterized by plan-view 

SEM measurements, as shown in Fig. 2.2. GaN nuclei could not be observed by plan-view 

SEM measurements after 2 min growth owing to the low density of GaN nuclei on the 

surface. The thickness and nuclei shape increased and became more regular with increasing 

growth time. Nuclei with the most regular and isotropic shape and ~110 nm thickness were 

observed after 6 min growth. When the growth time was increased more than 7 min, the 

nuclei became large and the grains elongated owing to the coalescence of nuclei, and the 

nuclei shape became irregular in the c-direction.  
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Figure 2.1 2 × 2 ɛm
2
 AFM images of GaN HT nuclei grown on r-plane sapphire substrates with various growth 

times from 2 to 9 min. 
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Figure 2.2 Plan-view and cross-sectional SEM images of GaN nuclei grown on r-plane sapphire substrates with 

various growth times from 2 to 9 min. 
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Figure 2.3 AFM and SEM images of nucleation and undoped GaN layers grown on r-plane sapphire substrates 

at 550 and 1050 °C. 

 

  To confirm the effect of the HT nucleation layer on an undoped a-plane GaN layer was 

grown on an r-plane sapphire substrate. Figure 2.3 shows AFM and SEM images of 

nucleation and undoped GaN layers grown on r-plane sapphire substrates at 550 and 1050 °C. 

One sample was grown on an r-plane sapphire substrate using an LT nucleation layer at 


















