
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

 

공학박사 학위논문 

 
 
 
 

Study on Heteroepitaxial Growth of 
Nonpolar a-plane GaN with Embedded 

Nano-Structures   
 

 
 
 

나노 구조물이 함유된 비극성 a면 GaN의 
이종에피성장에 관한 연구 

 
 
 

2012년 8월 
 
 
 
 
 

서울대학교 대학원 
재료공학부 

박 성 현 



i 
 

Abstract 

 

Study on Heteroepitaxial Growth of 

Nonpolar a-plane GaN with Embedded 

Nano-Structures 

Sung Hyun Park 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

Nitride based heterostructures grown on the (0001) polar surface substrate are 

affected by strong internal fields due to the spontaneous and piezoelectric 

polarization. These internal fields induce the spatial separation of electrons and 

holes in quantum wells and red-shift in emission wavelength due to the quantum 

confined Stark effect. To prevent these adverse effects, several groups have tried to 

grow GaN based structures on nonpolar or semi-polar planes. In this study, for the 

high efficiency nonpolar a-plane GaN light emitting diode grown on r-plane 

sapphire substrate, high quality a-plane GaN templates are fabricated. The study 
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begins with the growth of a-plane GaN buffer layer on r-plane sapphire substrate.  

To obtain pit-free and improved crystal quality a-plane GaN by metal-

organic chemical vapor deposition, we intentionally grew high-temperature (HT) 

3-dimensional (3D) GaN buffer layers on a GaN nucleation layer. The effects of 

the HT 3D GaN buffer layers on crystal quality and the surface morphology of a-

plane GaN were studied. The insertion of a 3D GaN buffer layer with an 

optimum thickness was found to be an effective method to obtain pit-free a-plane 

GaN with improved crystalline quality on r-plane sapphire substrates. 

We utilized the 3D growth nature of a-plane GaN and controlled integration 

of silica nano-spheres into the rough GaN buffer layer to improve the crystalline 

quality of nonpolar a-plane GaN. In addition to the crystalline quality 

improvement by silica nano-spheres, the silica nano-spheres integrated in the 

GaN can improve the light extraction efficiency (LEE) of GaN-based light 

emitting diodes (LEDs). Nanometer-scale silica spheres act as internal scattering 

centers of the light emitted from the active layer of the LEDs. Thus, the angle of 

reflected light at the GaN/sapphire interface is distributed over a wide range of 

angles. Therefore, the LEE of GaN-based LEDs is increased by the enhanced 

probability of entering escape cone defined by the critical angle for total internal 

reflection. The light output power from the CIS a-plane GaN LEDs show a 130 ~ 

150 % increase compared to that of the a-plane GaN LED without silica nano-
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spheres in the layer. We thus attribute the improved output power for the a-plane 

GaN LEDs to the decreased defect density in the GaN and increased extraction 

efficiency of the a-plane LED fabricated with silica nano-spheres. 

And, we proposed the a-plane GaN with nano-viods integrated into a-

plane GaN layers using CIS process. Similar to the CIS a-plane GaN layer, 

integrated nano-voids in the a-plane GaN layer improved the crystalline quality 

of a-plane GaN subsequently grown on void due to the ELO process. In addition 

to the crystalline quality improvement, nanometer-scale spherical-shaped voids 

act as internal scattering centers of the light emitted from the active layer of the 

LEDs. Since the scattering of light enhanced when the refractive index difference 

between GaN (n=2.43) and scattering center such as silica nano-sphere (n=1.4) or 

nano-voids (n=1) is larger, scattering in the GaN layer will be increase by using 

nano-voids compared to the silica nano-spheres. Integrated nano-voids near the 

GaN and sapphire interface compensate the internal strain of epitaxial layers, 

therefore nano-voids will decrease the compressive strain in the epitaxial layer 

which resulted in the reduction of wafer bowing.    

Keywords:  

Nonpolar, a-plane GaN, r-plane sapphire, Light emitting diodes, 

Metal-organic chemical vapor deposition, Nano-spheres, Epitaxial 
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Chapter 1. Introduction 

 

Lighting constitutes more than 20% of the total world electricity 

consumption, including the U.S., the European Union, and Asian countries 

[1]. Power generation needed for lighting contributes approximately 1900 

Mt CO2 per year (equivalent to 70% of the emissions from the world’s light 

passenger vehicles) according to the International Energy Agency (IEA) [2]. 

Compared to conventional lighting technology, light emitting diodes (LEDs) 

lighting offers great promise as an energy-efficient, environment-friendly 

and affordable source of reasonably color-balanced white light owing to 

highly efficient LEDs. The performance of GaN-based LEDs either as direct 

source of light generation and or pump source for relevant dyes is front and 

central to general lighting applications. Over the past two decades, the 

performance of GaN-based LEDs has improved significantly and LEDs are 

now being put to use in applications such as general lighting (both indoors 

and outdoors), backlight for flat displays including flat panel energy efficient 

TVs. Among these applications, the general lighting application of the LEDs 

are particularly important market for GaN LEDs, and it is expected in the 

near future the incandescent light sources and fluorescent light sources will 

be all replaced by the LED-based solid state lighting. The above mentioned 
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applications promises an enormous market and huge economic values, and 

are the driving force for the ongoing research and rapid development in the 

area of LEDs. 

The red, orange, and yellow LEDs are mainly made from AlGaInP 

materials system. For red LEDs, the active region is usually composed of 

Ga0.5In0.5P, which is lattice matched to GaAs substrates and has an energy 

bandgap of 1.9eV (650nm). The addition of Al to the GaInP materials can 

shift the emission wavelength towards shorter wavelengths (orange and 

yellow). 

III-nitride materials have been used for producing LEDs emitting 

ultraviolet, violet, blue and green light sources. The main attention of this 

work will be focused on the GaN based LEDs. So far enormous development 

has been achieved for the efficiency of the GaN LEDs in the recent decades. 

The state-of-the-art GaN LEDs with a luminous efficacy of over 200 lm/W 

at room temperature have been reported [3], as compared to typically 20-30 

lm/W of incandescent light bulbs and 70-90 lm/W of fluorescent light 

sources. However there are a few issues to address for the GaN LEDs to be 

widely used in general lighting, especially where high luminescence with 

high injection current are required. One of the issues is that the GaN-based 

LEDs suffer from loss of efficiency.  
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Wurtzite GaN-based LED structures grown along the c-axis suffer 

from strong polarization related to internal electric fields, which induce the 

spatial separation of electrons and holes in the active layers and a resulting 

red-shift of the emission wavelength due to the quantum confined Stark 

effect [4]. To prevent these adverse effects, several groups have tried to grow 

GaN-based LED structures on nonpolar planes, such as the a-plane or m-

plane [5, 6]. To achieve high efficiency nonpolar LEDs for general 

illumination, the development of high quality nonpolar GaN epitaxial layers 

with a low defect density and a cost-effective technique to improve the light 

extraction efficiency of LEDs are required.  

The major goal of this work is to grow high quality a-plane GaN 

epitaxial layer on r-plane sapphire by MOCVD and to achieve nonpolar a-

plane GaN LED structure design to improve the EL efficiency. In the 

following sections, the background for this thesis will be presented. 

 

 

1.1. GaN based light emitting diodes (LEDs) structure 

 

General LED structures were grown on either GaN/sapphire template or 

bulk GaN in a vertical low-pressure metalorganic chemical vapor deposition 
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(MOCVD) system. As shown in Fig. 1.1, the epitaxy of a GaN LED starts 

with an n-type GaN which is doped with Si using SiH4 as dopant source. It is 

followed by an underlayer just beneath the active region (multiple quantum 

wells as an example in the fig. 1.1) for improved quality. An AlGaN electron 

blocking layer is deposited on top of the active quantum well region to 

reduce the outgoing electrons from the active region. A ~100nm Mg-doped 

p-GaN is deposited on top of the AlGaN layer to serve as the source for hole 

injection. A simplified conduction band profile is shown on the right side of 

Fig. 1.1. After mesa etching, metallization such as Ti/Al/Ni/Au annealed at 

around 800 ºC for 60 seconds was used for n-type ohmic contacts and Ni/Au 

or indium-tin-oxide (ITO) contacts were used for the semi-transparent p-

contacts. Finally, contact pads such as Ni/Au were deposited on the top of 

part of the mesa. 
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1.2. Carrier recombination in LEDs 
 

As mentioned earlier, GaN based LEDs are composed of n-type 

region, active region and p-type region, etc. The electrons and holes are 

injected from n-side and p-side by drift-diffusion current into the active 

region. The recombination of electrons and holes within the active region 

could be radiative or non-radiative. The radiative recombination rate is 

described as BΔn2, where B is the radiative recombination coefficient; Δn is 

the excess electron density, assuming Δn is much larger than the intrinsic 

carrier density since GaN is a large band-gap material and has a low intrinsic 

carrier density. At low injection currents, the major nonradiative 

recombination process is Shockley-Read-Hall (SRH), with its recombination 

rate described as AΔn, where A is the SRH recombination coefficient, n is 

the electron density. Another type of nonradiative recombination is Auger 

recombination, in which the energy given off by the recombination of 

electron and hole is used to excite another carrier to a higher energy which in 

turn thermalizes down to lower energy state by phonon emission. The Auger 

recombination rate is given by CΔn3. 

Another form of carrier loss mechanism is carrier overflow or 

spillover, especially for electrons as they are lighter in terms of effective 

mass. The electrons could escape the active region, ending up with 
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recombining at the p-region or the contact and not contributing to the desired 

emission in the active region. In order to have high internal quantum 

efficiency for the LEDs, both nonradiative recombination and carrier 

overflow or spillover should be minimized. 

 

1.3. Nonpolar GaN for light emitting diodes 
 

In order to achieve high efficiency for LEDs, one promising way is 

to use nonpolar GaN as the substrate for LEDs. Currently almost all research 

about GaN is about c-axis oriented wurtzite epilayers. In this kind of GaN-

based heterostructures, the internal spontaneous and piezoelectronic 

polarization effects can cause strong electric field in the nitrides interface. 

Although this electric field can be advantageous for formation of two-

dimensional electron gas in field-effect transistors (FETs), it can also cause 

spatial separation of electrons and holes in quantum wells of GaN based 

LEDs, thereby increasing the radiative lifetime [8] and hence reducing the 

quantum efficiency [9], and can also cause the red shift of LED emission 

(see Fig. 1. 2). This is called Quantum Confined Stark effect [10].  

There are two ways to solve this polarization issue. One is to grow 

cubic rather than hexagonal GaN, which is nonpolar along cubic [001] 

direction, and therefore can avoid strong polarization-induced electric field 
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in heterointerfaces. Unfortunately, cubic GaN is metastable and it is also 

very difficult to be achieved. The other way is to grow a- or m-plane 

hexagonal GaN, rather than c-plane GaN. These kinds of GaN can be called 

nonpolar GaN, since the c axis is parallel to the substrate surface. For this 

kind of oriented GaN, there is no polarization-induced electric field in 

nitrides interfaces. Fig. 1. 3. shows schematically the m-, a-, and c-plane of 

GaN. These planes are perpendicular to each other. 

Several groups have tried to grow GaN based structures on 

nonpolar a-plane (1120) or m-plane (1100)  [11-16]. Nonpolar GaN could 

be obtained on various substrates, such as LiAlO2 (001), a- or m-plane 

SiC, r- or m-plane sapphire and nonpolar GaN substrate sliced from thick c-

plane GaN wafer grown by hydride vapor phase epitaxy (HVPE) [17]. Due 

to its relatively low cost, the (1102)  r-plane sapphire is still the most 

commonly used substrate for a-plane GaN growth. 
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1.4. Metal-organic chemical vapor deposition 
 

MOCVD is an epitaxial growth method for preparation of 

semiconductor thin films based devices. The MOCVD technology has been 

established its ability for mass production of high-quality epitaxial layers, 

and has been widely used for producing nitride-based LEDs, and other 

compound semiconductor-based devices (such as AlInGaP-based LEDs). 

The growth of epitaxial layers is typically achieved by introducing 

alkyls for group III, and hydrides for group V onto a heated substrate inside 

a vacuum chamber. For GaN system, trimethylgallium (TMGa) or 

triethylgallium (TEGa) is used as Ga source, and NH3 gas is used as N 

source. Additionally, trimethylindium (TMIn), and trimethylaluminium 

(TMAl), diluted SiH4 gases are used as In, Al, and Si (n-type dopant) sources. 

The flow rate of each metalorganic (MO) source is controlled by 

three factors (as shown in Fig. 1. 4): MO source temperature (source 

temperature determines MO vapor pressure, PMO) (T), carrier gas flow rate 

( fcarrier), and bubbler pressure (Pbubbler): 

( / min) ( )
( / min)

22414( / ) ( )
carrier MO

MO
bubber MO

f cc P T
f mol

cc mol P P T
 


 [1.1] 

 

where the MO source vapor pressure P MO is determined by T through: 
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log[ ] /MOP B A T    [1.2] 

where A and B are constants determined empirically for each specific source. 
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1.5. Problems of heteroepitaxial nonpolar GaN 
 

Although nonpolar GaN substrates with high crystallinity can be 

obtained by slicing a thick c-plane GaN wafer grown by hydride vapor phase 

epitaxy (HVPE),[19]  r-plane sapphire is still the most commonly used 

large-area substrate for a-plane GaN growth, due to its relatively low cost. 

However, the major drawback of r-plane sapphire substrates for the 

growth of nonpolar a-plane GaN is the high defect density in the a-plane 

GaN epitaxial layer. These defects mainly originate from the 16 % difference 

in the lattice constants between a-plane GaN and r-plane sapphire along the 

m-direction of GaN, resulting in high density, non-radiative recombination 

centers in a-plane GaN LEDs [18]. In addition, the enhanced in-plane growth 

rate anisotropy of a-plane GaN on r-plane sapphire results in the 3-

dimensional (3D) growth of a-plane GaN. This 3D growth leaves a large 

number of micrometer-scale triangular pits on the GaN surface during the 

coalescence of the islands as shown in Fig. 1. 5 [18, 20, 21]. 

To prevent the formation of rough surfaces and/or triangular pits in 

a-plane GaN, most research groups have tried to grow nonpolar GaN at 

relatively low pressures to enhance the formation of islands in the nucleation 

layer [20-24]. This growth condition facilitated the coalescence of a-plane 

GaN at the early stage of growth, leading to pit-free surfaces. However, the 
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coalesced surface formed at low pressure is usually grown at the expense of 

numerous threading dislocations in the epitaxial layer, due to the increased 

number of islands formed during its growth as shown in Fig. 1.6. To improve 

the crystalline quality of a-plane GaN, several research groups have reported 

the use of conventional epitaxial lateral overgrowth (ELO) or a modified 

ELO process on top of low-pressure-grown a-plane GaN with high threading 

dislocation density [24-26]. 
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1.6. Epitaxial lateral overgrowth (ELO) 
 

In order to improve the materials properties, epitaxial lateral 

overgrowth (ELO) method has been used often in MOCVD system to reduce 

the defect density. The basic idea of this growth method is to filter out the 

defects by employing the dielectric masks (such as SiO2, or SiNx), as shown 

schematically in Fig. 1. 7. First, planar GaN template is grown on substrates 

such as sapphire, SiC or Si, which is followed by deposition of a dielectric 

mask by PECVD. By using standard photolithography, a set of parallel 

stripes is defined on the GaN template, with the separations between the 

dielectric stripes called “window”, as shown in Fig. 1. 7(a). Then the 

patterned sample is loaded back into the MOCVD system for GaN regrowth. 

During this procedure, epitaxial growth of GaN will start in the window 

regions, where the microstructure of the underlying GaN template is 

reproduced, whereas no growth will occur above the masked area [Fig. 1. 

7(b)]. The overgrown GaN will extend both vertically or laterally whose 

ratio highly depends on the growth conditions used. Laterally grown regions 

are called “wing” region, which contains much fewer defects. After certain 

amount of regrowth time, the overgrown GaN will get coalesced, and a few 

defects will be generated at the coalescence boundary [Fig. 1.7(c)]. A 

thorough review about this growth technique could be found in refs [27, 28]. 
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In c-plane GaN ELO case, the stripes of dielectric films are usually 

aligned along the GaN m-axis [1100]  so that the laterally overgrown wings 

expand along the GaN a-axis [1120] , as shown in Fig. 1.7 (d). It has been 

demonstrated that when the mask stripes are aligned along this direction, the 

ratio of lateral growth rate to vertical growth rate will be higher and the 

sidewall facet is easier to be controlled by growth conditions [29]. In 

contrast, when the mask stripes are aligned along the GaN a-axis [1120]and 

the lateral growth will advance along the GaN m-axis, the lateral overgrowth 

will be limited by a slow growth rate of (1101) facets, which are the most 

stable facets in GaN and difficult to be eliminated [29]. However, in the 

(1120) a-plane or (1100) m-plane GaN ELO cases, the stripe-shaped masks 

should be aligned along the GaN maxis [1100]and the GaN a-axis [1120] , 

so that the overgrown wings advance laterally along the GaN c-axis and 

result in an effective defect reduction within the overgrown GaN wing 

regions. The ELO technique has resulted in a significant improvement in 

laser diode (LD) lifetimes (>10,000 hours) at room temperature [30], but it 

requires extra procedure for preparing dielectric mask ex-situ, which costs 

time and possible sample contaminations during loading and unloading. 
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Another important ELO technique “nano-ELO” has been reported 

by Xie et al. [31], which utilizes in-situ grown porous SiNx film in MOCVD 

as the growth mask. However since the growth windows (i.e., nano-sized 

pores in SiNx film) are formed randomly during the in-situ SiNx deposition, 

this technique could not define the GaN lateral growth directions, which is 

important for an effective defect reduction in nonpolar GaN materials. 



 

Fig 1. 7 Sch

mask (typic

(b) During r

regions, an

window reg

normally ca

coalesce and

the coalesce

The directio

hematic for a

ally SiO2 or 

egrowth step

nd expends b

gions, the ove

alled “wings

d form conti

ence bounda

ons for the pa

m

21

a convention

SiNx dielect

p, the GaN m

both verticall

ergrowth GaN

” has very fe

nuous films.

ary, where the

atterning of E

m-plane GaN

nal ELO proc

tric films) on

material starts

ly and latera

N above the 

ew defects. (c

 A few defec

e two opposi

ELO mask fo

N ELO. [32]

cess: (a) strip

n planar GaN

s growth at th

ally. In contra

mask region

c) the GaN w

cts will be ge

ite wings coa

or c-plane, a-

pe-shaped 

N template. 

he window 

ast to the 

ns which is 

wings will 

enerated at 

alesce. (d) 

-plane and 

 

 



22 
 

1.7. Organization of this thesis 
 

As we discussed above, the major goal of this work is to improve the 

quality of a-plane GaN on r-plane sapphire by MOCVD for the high 

efficiency nonpolar a-plane GaN light emitting diode. In chapter 2, the 

MOCVD system and analysis tools used in this work are introduced. So our 

study begins with the growth of a-plane GaN nucleation layer on r-plane 

sapphire substrate.  

In chapter 3, to obtain pit-free and improved crystal quality a-plane 

GaN by metal-organic chemical vapor deposition, we intentionally grew 

high-temperature (HT) 3-dimensional (3D) GaN buffer layers on a GaN 

nucleation layer. The effects of the HT 3D GaN buffer layers on crystal 

quality and the surface morphology of a-plane GaN were studied.  

In chapter 4 and 5, a novel, simple and inexpensive technique for 

improved emission efficiency of nonpolar a-plane light emitting diodes (LEDs) 

employing controlled integration of silica nano-spheres (CIS) is proposed. 

The silica nano-spheres are used as the mask layer for the regrowth of 

nonpolar a-plane GaN with reduced threading dislocation density and 

improved light extraction by the scattering process. Also, integrated silica 

nano-spheres reduced the polarization property of nonpolar a-plane GaN. 

In chapter 6, we proposed the formation of nano-voids in a-plane GaN 
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layer using CIS and etching process. Similar to the CIS a-plane GaN, 

crystalline quality and extraction efficiency would be improved. Also, 

Integrated nano-voids near the GaN and sapphire interface will compensate 

the internal strain of epitaxial layers, therefore nano-voids will decrease the 

compressive strain in the epitaxial layer which resulted in the reduction of 

wafer bowing. 

Finally conclusions and suggestions for future work will be presented in 

Chapter 7.  
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Chapter 2. Growth and analysis tools 

 

2.1. Growth process and LED fabrication 
 

2.1.1. MOCVD system 

 

In this work, Thomas Swan 3 x 2” (incorporated 3 substrates of 2 inch 

size) close coupled showerhead (CCS) MOCVD system was used to grow 

nonpolar nitride semiconductor epitaxial layers. 

Trimethylgallium (TMGa, (CH3)3Ga) and Trimethylindium (TMIn, 

(CH3)3In) were used for group III sources. SolkatronicsTM Blue-Ammonia 

(NH3) of 99.9999 % purity was used for group V sources. 

 Bis(cyclopentadienyl)magnesium (Cp2Mg, (C5H5)2Mg) and 10 ppm 

diluted silane (SiH4) was installed for p-type and n-type doping, respectively. 

 

2.1.2. Sample preparation 

 

r-plane sapphire is used as the substrate for the growth of a-plane GaN. 

At first, it was ex-situ cleaned at air. For ex-situ cleaning, sapphire wafer 

was immersed in acetone and methanol with ultrasonic by turns, in each turn 

for 10 min at 40 oC. After degreasing, wafer was rinsed in flowing de-

ionized water for 10 min. Then, wafer was dried with nitrogen. After ex-situ 
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cleaning, wafer was loaded into the reactor, and then in-situ cleaned in 

hydrogen ambient at ~1100 oC. 

 

2.1.3. Device fabrication 

 

The a-plane GaN LED structures consist of n-type a-plane GaN, three 

pairs of InGaN/GaN quantum well layers (3 nm/12 nm) and p-type a-plane 

GaN. ITO and Ti/Al/Ti/Au were used as the p- and n-type contact materials, 

respectively. 

  



30 
 

2.2. Analysis tools 
 

2.2.1. Atomic force microscopy (AFM) 

 

The AFM measurements were performed in an atmospheric ambient to 

investigate surface morphology of a-plane GaN sample. The Au-coated Si 

probes were used in noncontact mode using Seiko SPA-400. For statistical 

analyses, Nanotec WSxM v4.0 was used. 

 

2.2.2. Transmission electron microscopy (TEM) 

 

 The TEM specimens were prepared using conventional mechanical 

polishing followed by ion milling using a specimen stage cooled by liquid 

nitrogen. Some samples were prepared using focused ion beam. Bright-field 

and high-resolution transmission micrographs were obtained by a FEI Tecnai 

F20 electron microscope operated at 200 kV. 

  

2.2.3. Photoluminescence (PL) 

 

PL spectroscopy is a contactless, nondestructive method of probing 

the electronic structure of materials. PL measurements were made at room 

temperature. The 325 nm line of He-Cd laser was used. The PL signal was 

dispersed by a SPEX monochromator and detected by liquid-nitrogen-cooled 
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charge coupled device (CCD) detector. 

 

2.2.4. X-ray diffraction (XRD) 

 

Panalytical X’pert instrument and Bruker D8 Discovery were used 

for high resolution XRD measurement and -scan. The angle divergence of 

12 arcsec or less can be obtained by 4 bounce Ge 022 channel cut 

monochromator. 

 

2.2.5. Cathodoluminescence (CL) 

 

Gatan Mono CL3 and 4 systems were used to investigate 

luminescence properties of a-plane GaN samples. The CL measurements 

were carried out in panchromatic or monochromatic mode at room 

temperature or 77 K using LN2. The acceleration voltage was varied to 

investigate the dependence of the CL spectra.  
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Chapter 3.  Growth of a-plane GaN using 3D 

shaped buffer layer 

 

3.1. Introduction 
 

The major drawback of r-plane sapphire substrates for the growth 

of nonpolar a-plane GaN is high density defects in the a-plane GaN epitaxial 

layer. These defects mainly originate from the 16% difference in lattice 

constants between a-plane GaN and r-plane sapphire along the m-direction 

of GaN, resulting in non-radiative recombination centers in a-plane GaN 

LEDs [9]. In addition, enhanced in-plane growth rate anisotropy of a-plane 

GaN on r-plane sapphire results in 3-dimensional (3D) growth of a-plane 

GaN [10]. The 3D growth nature leaves a large number of micrometer-scale 

triangular pits on the GaN surface during the coalescence of islands [1-4].  

To obtain pit-free, high-quality non-polar a-plane GaN on r-plane sapphire, 

various nucleation layers such as low-temperature (LT) GaN [1-4], high-

temperature (HT) GaN [5-7], HT AlGaN [8], LT AlN, and HT AlN [4, 9] 

have been used. To further improve the quality of a-plane GaN, several 

research groups have reported the use of multiple GaN buffer layers [2, 10].  

In this research, we focused on the effects of a HT 3D GaN buffer layer on a-
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plane GaN grown by using metal-organic chemical vapor deposition 

(MOCVD). We obtained pit-free a-plane GaN with improved crystalline 

quality by modifying the growth of the 3D buffer layer and successfully 

fabricated a-plane GaN LEDs with negligible peak shift. 

 

3.2.  Experimental procedure 
 

The a-plane GaN layers were grown on r-plane sapphire substrates 

in a Thomas Swan 3 × 2 inch close-coupled showerhead MOCVD reactor. 

After thermal cleaning of the r-plane sapphire substrate (-0.2 ± 0.05o toward 

the m-axis of sapphire) in a H2 ambient for 5 min at 1100 oC, we performed 

nitridation in an NH3 ambient for 5 min at the same temperature. Then, the 

HT GaN nucleation layers were grown for 5 min at 1040 oC at a 100 Torr of 

nitrogen carrier gas. Subsequently, a-plane GaN was grown at the same 

growth temperature with a hydrogen carrier gas to form 2.8-m-thick GaN. 

Tirmethylgallium (TMGa) and ammonia (NH3) were used as precursors. 

More detailed growth procedure of the a-plane GaN are reported elsewhere 

[7].  

To evaluate the effect of HT 3D GaN buffer layer on the 

morphology as well as the crystal quality of a-plane GaN layer, we grew 3D 

buffer layers with different thicknesses were grown at 300 Torr on the GaN 
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nucleation layer. During the entire growth procedure, the reactor pressure 

was maintained at 100 Torr, except for the growth of the 3D GaN buffer 

layer. 

 

3.3. Growth of a-plane GaN with 3D shaped buffer 
layer 

 

Generally, the islands in the a-plane GaN nucleation layer have 

anisotropic shapes with a triangular base, inclined facets and a vertical facet, 

which is the presumably {1101}  and (0001)  plane [3-11]. At a relatively 

high growth pressure such as 300 Torr, the growth rate anisotropy of a-plane 

GaN on r-plane sapphire was enhanced [2], and these 3D islands grew to 

leave a large number of micrometer-scale triangular pits on the GaN surface 

during the coalescence of islands. To prevent the formation of rough surfaces 

and/or triangular pits in the a-plane GaN, most research group have tried to 

grow nonpolar GaN at a relatively low pressure to enhance the formation of 

islands in the nucleation layer [1-7]. This growth condition facilitated the 

coalescence of a-plane GaN at the early stage of growth, leading to pit-free 

surfaces. However, low-pressure growth generated many threading 

dislocations in the epitaxial layer at the expense of the coalesced surface due 

to the increased number of islands during the growth.  
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To overcome these drawbacks, we intentionally utilized the 3D 

growth nature of a-plane GaN on r-plane sapphire and optimized the 

thickness of the 3D GaN buffer layer to improve crystal quality and to 

reduce the density of triangular pits. The surface morphology of the 3D GaN 

buffer layer grown on a r-plane sapphire substrate was investigated by using 

a scanning electron microscope (SEM). Fig. 3. 1(a) and 1(b) show the plan-

view and the cross-sectional-view SEM images of the 3D GaN buffer layer. 

The cross-sectional image is viewed along the [0001] direction of GaN. The 

3D morphology will be helpful to bend threading dislocations and to obtain 

an improved crystal quality of the a-plane GaN layer. However, the thickness 

and the distribution of 3D GaN buffer layer should be optimized, because 

too thin a layer would not be enough to affect the dislocation movement and 

too thick a layer would leave triangular pits on the surface. The thickness of 

the 3D GaN buffer layer was varied, and the crystal qualities of fully-

coalesced, pit-free 2.8-m-thick GaN epitaxial layers were estimated by 

using X-ray diffraction (XRD).  The nominal thickness of the 3D GaN 

buffer layers was estimated by using the growth rate of flat a-plane GaN 

layers grown under the same growth conditions.   
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Fig. 3. 2 shows the results for the XRD full width at half 

maximums (FWHMs) at various 3D buffer layer thicknesses. As shown in 

Fig. 3. 2, the FWHMs along the [0001] c-axis decreased from 768 to 632 

arcsec at a 600-nm buffer thickness and increased slightly afterwards. On the 

other hand, the FWHM along the m-axis of GaN drastically decreased from 

1909 to 843 arcsec. Moreover, a-plane GaN with 3D buffer thicknesses 

larger than 600 nm had triangular pits on the surface. The optimized 3D GaN 

buffer thickness in this growth scheme was found to be around 600 nm. 

Nomarski optical microscope images of a-plane GaN with different 3D 

buffer thicknesses are shown in Fig. 3. 3. Fig 5. 3(a) and (b) show pitted and 

pit-free surfaces on the a-plane GaN grown with 3D buffer thicknesses of 1.2 

m and 600 nm, respectively. An atomic force microscope (AFM) image of 

the a-plane GaN is shown in Fig. 3. 4, with a root-mean-square roughness 

value of 0.43 nm when measured over a 4 x 4 m2 area, clearly indicating 

that a-plane GaN has triangular pit-free and atomically flat surface.
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3.4. Fabrication of a-GaN LED with 3D shaped a-
plane GaN buffer layer 

 

To evaluate the device application for the a-plane GaN with a 3D 

GaN buffer layer, we fabricated nonpolar InGaN/GaN LEDs on the a-plane 

GaN template. The lateral-type LED structures consist of n-type GaN, three 

pairs of InGaN/GaN multiple quantum well layers, and p-type GaN. Indium-

tin oxide (ITO) and Ti/Al/Ti/Au were used as the p- and the n-type contact 

materials, respectively. The LED shows a blue emission of 479.2 nm at an 

injection current of 20 mA.  

First, we investigated the current-voltage (I-V) characteristic of the 

a-plane GaN LED with size of 350 x 350m2. The current-voltage curve 

shows a rectifying behavior with a forward voltage (Vf) of 4.25 V at 20 mA, 

as shown in Fig. 3. 5(a). Reported forward voltage values varied from 4.61 V 

[12] to 3.36 V [13]. Further improvements in the LED fabrication process, 

such as contact annealing and improved crystal quality of a-plane GaN by 

better MOCVD growth, may lower the forward voltage at 20 mA. Changes 

in the electroluminescence (EL) emission wavelength of the a-plane GaN 

LED with injection current (on-wafer test) are shown in Fig. 3.5(b). The 

emission peak wavelength was shifted from 480.2 nm at 10 mA to 482.9 nm 

at 140 mA. The negligible wavelength shift of 2.7 nm with increasing drive 
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current is consistent with the minimal polarization-related internal electric 

fields in nonpolar a-plane GaN LEDs.  

The variation of the EL characteristics with respect to injection 

currents ranging from 10 mA to 140 mA was assessed. The EL FWHMs and 

peak wavelength are summarized in Fig. 3. 6. A blue shift in the emission 

wavelength was observed in the low-current range less than 40 mA, 

suggesting that localized states formed by potential fluctuations were 

gradually occupied by injected carriers and that higher energy levels with 

higher density of states began to contribute to the EL emission [14]. For the 

broadening of the EL FWHM in the higher current range larger than 40 mA, 

we find that the broadening is accompanied by redshift of the EL peak in the 

LED [13], most probably due to the heat generation caused by the 

continuous-wave on-wafer probing.  
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3.5.  Conclusion 
 

In conclusion, the effect of a 3D GaN buffer layer on the 

morphological and the crystalline properties of a-plane GaN grown by using 

MOCVD was investigated. The insertion of a 3D buffer layer is an effective 

method to obtain pit-free a-plane GaN with improved crystalline quality on 

r-plane sapphire substrates. Furthermore, an a-plane GaN LED with a 3D a-

plane GaN buffer layer was characterized. The small wavelength shift with 

increasing drive current is consistent with the minimal polarization-related 

internal electric fields in nonpolar a-plane GaN LEDs. 
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Chapter 4. Growth of nonpolar a-plane GaN 

with silica nano-spheres  

 

4.1. Introduction 
 

Wurtzite GaN-based light emitting diode (LED) structures grown 

along the c-axis suffer from strong polarization related to internal electric 

fields, which induce the spatial separation of electrons and holes in the active 

layers and a resulting red-shift of the emission wavelength due to the 

quantum confined Stark effect [1]. To prevent these adverse effects, several 

groups have tried to grow GaN-based LED structures on nonpolar planes, 

such as the a-plane or m-plane [2,3]. To achieve high efficiency nonpolar 

LEDs for general illumination, the development of high quality nonpolar 

GaN epitaxial layers with a low defect density and a cost-effective technique 

to improve the light extraction efficiency of LEDs are required.  

Although nonpolar GaN substrates with high crystallinity can be 

obtained by slicing a thick c-plane GaN wafer grown by hydride vapor phase 

epitaxy (HVPE),[4] (1102)  r-plane sapphire is still the most commonly used 

large-area substrate for a-plane GaN growth, due to its relatively low cost. 

However, the major drawback of r-plane sapphire substrates for the 



49 
 

growth of nonpolar a-plane GaN is the high defect density in the a-plane 

GaN epitaxial layer. These defects mainly originate from the 16 % difference 

in the lattice constants between a-plane GaN and r-plane sapphire along the 

m-direction of GaN, resulting in high density, non-radiative recombination 

centers in a-plane GaN LEDs [3]. In addition, the enhanced in-plane growth 

rate anisotropy of a-plane GaN on r-plane sapphire results in the 3-

dimensional (3D) growth of a-plane GaN. This 3D growth leaves a large 

number of micrometer-scale triangular pits on the GaN surface during the 

coalescence of the islands [3,5,6].  

To prevent the formation of rough surfaces and/or triangular pits in 

a-plane GaN, most research groups have tried to grow nonpolar GaN at 

relatively low pressures to enhance the formation of islands in the nucleation 

layer [5-8]. This growth condition facilitated the coalescence of a-plane GaN 

at the early stage of growth, leading to pit-free surfaces. However, the 

coalesced surface formed at low pressure is usually grown at the expense of 

numerous threading dislocations in the epitaxial layer, due to the increased 

number of islands formed during its growth. To improve the crystalline 

quality of a-plane GaN, several research groups have reported the use of 

conventional epitaxial lateral overgrowth (ELO) or a modified ELO process 

on top of low-pressure-grown a-plane GaN with high threading dislocation 
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density.[9-11] However, such ELO processes resulted in long processing 

times and, hence, high cost, due to the complexity of such processes as mask 

deposition and etching.  

To overcome these obstacles, we utilized the 3D growth nature of a-

plane GaN and controlled integration of silica nano-spheres into the rough 

GaN buffer layer to improve the crystalline quality of nonpolar a-plane GaN.  

In addition to the crystalline quality improvement by silica nano-spheres, the 

silica nano-spheres integrated in the GaN can improve the light extraction 

efficiency (LEE) of GaN-based LEDs. Nanometer-scale silica spheres act as 

internal scattering centers of the light emitted from the active layer of the 

LEDs. Thus, the angle of reflected light at the GaN/sapphire interface is 

distributed over a wide range of angles. Therefore, the LEE of GaN-based 

LEDs is increased by the enhanced probability of entering escape cone 

defined by the critical angle for total internal reflection [15].  
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4.2. Experimental procedure 
 

  r-plane sapphire wafers (-0.2 ± 0.05o off toward the m-axis of 

sapphire) were used as the substrates. The entire growth process for the CIS 

a-plane GaN was performed using a Thomas Swan 3 x 2 inch MOCVD 

reactor with hydrogen as a carrier gas and trimethylgallium and ammonia as 

precursors in the GaN growth process. The 3D-shaped a-plane GaN buffer 

layer was grown at a pressure of 300 torr. The controlled integration of the 

silica nano-spheres on the 3D a-plane GaN layer was performed using a spin 

coating method. The silica nano-spheres used in this experiment were 

dispersed in ethanol solution and their average diameter was 250 nm. For the 

overgrowth step on the silica nano-spheres, the growth pressure was 

decreased to 100 torr to promote the lateral growth of GaN. For the growth 

process, the V/III ratio and growth temperature were maintained at 380 and 

1040 oC, respectively. The sample was characterized by SEM, CL, cross-

sectional TEM, XRD, spectrophotometry and EL spectroscopy. 
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4.3. Growth of a-plane GaN by controlled integration 
of silica nano-spheres (CIS) 

 

On r-plane sapphire, we intentionally fabricated a rough a-plane 

GaN buffer layer by metal-organic chemical vapor deposition (MOCVD) 

and selectively masked trench areas with silica nano-spheres. The silica 

nano-spheres blocked the propagation of the threading dislocations 

originating at the interface between the GaN and the sapphire substrate, and 

prevented the formation of additional islands on the substrate during the 

subsequent coalescence process at low pressure. In the case of the growth of 

polar c-plane GaN, techniques using silica spheres as an epitaxial lateral 

overgrowth (ELO) mask have been reported involving the use of coated 

silica micro-spheres on the flat GaN surface or silica nano-spheres 

embedded in the wet-etched GaN surface [12-14]. In this study, neither 

complex chemical etching nor a uniform distribution of silica spheres on the 

flat surface of GaN was necessary, since the as-grown textured 3D nonpolar 

GaN surface can be readily used for the preferential coating of silica nano-

spheres in the recessed areas formed by nonpolar GaN growth. 

For the selective masking of the trench areas of the 3D-shaped a-

plane GaN by the silica nano-spheres, a spin coating method was used, based 

on recent studies in which the trenches were filled with nanoparticles [16-18]. 
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Using the controlled integration of silica nano-spheres (CIS) into the 3D-

shaped nonpolar GaN buffer layer and the subsequent ELO, we 

demonstrated a more effective, simplified and controllable epitaxial layer 

growth process which improves the crystal quality of nonpolar GaN and the 

extraction efficiency of the LEDs without the need for any intentional 

surface roughening to improve the light extraction or the complicated SiO2 

or SiNX mask deposition and patterning processes employed in the 

conventional ELO processes [9-11]. A schematic of the CIS and regrowth 

process is illustrated in Fig. 4. 1.   
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A 3D-shaped a-plane GaN buffer layer (1-m-thick) with various 

facets such as{1101}  and (0001)  was grown, as shown in Fig. 4. 2. Then, 

silica nano-spheres with a diameter of 250 nm were preferentially integrated 

in the trench area of the 3D buffer layers by using a conventional spin 

coating method. The silica nano-spheres from an aqueous colloidal 

suspension were spread out on the substrate and integrated into the trench 

areas of the 3D GaN layer by evaporating the solution and subsequently 

displacing the silica nano-spheres to the trench area during the spin coating 

process [16-18] as shown in Fig. 4. 3. Fig. 4. 4 shows a scanning electron 

microscopy (SEM) image of the a-plane GaN buffer layer with silica nano-

spheres integrated in the trench area. During the GaN regrowth on this CIS 

GaN buffer layer at high temperature, the silica nano-spheres, which are 

preferentially integrated into the trenches of the 3D shaped a-plane GaN 

buffer layer, act as a mask for the subsequent ELO process.  
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In the Nomarski optical microscope image of the a-plane GaN 

surface grown by the CIS and regrowth process, a fully coalesced surface is 

observed with slight contrast differences, implying that the trench area, in 

which the silica nano-spheres are integrated, can be observed by an optical 

microscope, as shown in Fig. 4. 5(c). Fig. 4. 5(d) shows a cross-section SEM 

image of the a-plane GaN after the CIS and regrowth process. The laterally 

grown a-plane GaN epitaxial layers on the integrated silica nano-spheres are 

fully coalesced without the triangular pits commonly observed in the surface 

of the a-plane GaN.  
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4.4. Reduced defects density of CIS a-plane GaN 
 

Cathodoluminescence (CL) measurements were used to investigate 

the luminescence properties relating to the nonradiative recombination in the 

CIS a-plane GaN epitaxial layer. A plan-view CL image obtained at 77 K in 

order to compare the CIS a-plane GaN to the a-plane GaN without CIS is 

shown in Figs. 4. 6(a) and (b). Due to the low defect density of the GaN 

layer overgrown on the CIS a-plane GaN in Fig. 4. 6(a), the bright contrast 

surface was increased by 74 % compared to the surface of the a-plane GaN 

without CIS in Fig. 4. 6(b). Fig. 4. 7(a) is the cross-sectional CL image of the 

CIS a-plane GaN layer viewed along the [0001] direction of GaN. The 

region formed by ELO above the integrated silica nano-spheres appears 

brighter. The cross-sectional transmission electron microscopy (TEM) image 

viewed along the GaN [1100]  direction shows the dislocation distribution in 

the CIS a-plane GaN epitaxial layer in Fig. 4. 7(b). From the CL and TEM 

analysis, we confirmed that the threading dislocations originating from the 

interface between the GaN and sapphire substrate were blocked by the 

integrated silica nano-spheres. Therefore, the laterally overgrown a-plane 

GaN layers on the silica nano-spheres had a reduced dislocation density 

along with improved crystalline quality and optical properties.   
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The CL spectra measured from the red and blue spots marked in Fig. 4. 

6(a) demonstrate that the emission mainly came from the basal plane 

stacking faults (BSFs) with an emission energy of 3.44 eV, as shown in Fig. 

4. 8. The BSF emission is attributed to the ultrathin quantum well (QW) 

layer formed by the insertion of zinc-blende phase GaN in the surrounding 

wurtzite, which corresponds to I1-type BSFs [19]. From the emission 

spectrum of blue spot in the dark region, the reduced BSF emission intensity 

is due to the nonradiative recombination caused by the dislocations in the 

region where both dislocations and BSFs are present in large number. The 

emission at 3.36 eV presumably comes from the prismatic plane stacking 

faults (PSFs) which existed at the end of the BSFs of the a-plane GaN [20, 

21]. Our spectra also show phonon replicas at several low-energy sidebands 

separated from the peak at 3.31 eV by ~90 meV, indicating moderate 

coupling with the LO phonons [19]. The feature at 3.31 eV is attributed to a 

donor-acceptor pair (DAP) emission, which seems to be related to the PSFs 

and impurity incorporation near the PSFs. 
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High resolution X-ray diffraction (XRD) was used to study the 

crystalline quality of the CIS a-plane GaN over a large sample area. As 

shown in Fig. 4. 9, the full width at half maximum (FWHM) in the XRD 

rocking curve of the CIS a-plane GaN was decreased to 580 and 550 arcsec 

along the c-direction and m-direction of GaN, as compared to 632 and 843 

arcsec for the a-plane GaN grown without silica nano-spheres, respectively. 

This result is consistent with the low defect density and extended emission 

area on the surface of the a-plane GaN layer, confirming the significant 

improvement in the crystalline quality of the CIS GaN as compared with the 

a-plane GaN grown without silica spheres. Although the crystalline quality 

of the CIS a-plane GaN was not as high as the best values previously 

reported for a-plane GaN  [11, 22], it could be further improved by 

optimizing the coverage of the integrated silica nano-spheres and subsequent 

ELO process. 
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To verify the substantial reduction in the densities of both BSFs and 

dislocation, we carried out plan-view TEM study on reference a-plane GaN 

and CIS a-plane GaN. Most of the observed BSFs were I1 type, normally 

bounded by Frank-Shockley partial dislocations (PDs) (b=1/6<2-203>). 

There were some I2 type BSFs bounded by Shockley PDs (b=1/3<1-100>), 

as well as a few PSFs interconnecting adjacent BSFs. The dislocations 

observed in the plan-view were all partials according to the one-to-one 

location correlation between the ends of the BSFs and PDs. No perfect 

dislocations were observed in the view although the diffraction 

configurations adopted in this study did satisfy the visibility criteria for 

perfect dislocations [23]. By definition, perfect dislocation has a BV of a 

completed translation vector of the lattice, such as [0001]. In contrast, the 

BV of a PD is not a complete translation vector of the lattice, such as 

1/2[0001]. As revealed in Fig. 4. 10, the PD density of CIS a-plane GaN 

(~5.6 X 109 cm-2, average value of less defective area above silica nano-

spheres ~ 1 X 109 cm-2 and defective area without silica nano-sphere ~ 1.1 X 

1010 cm-2) was lower than that of reference a-plane GaN (~1.1 X 1010 cm-2), 

which was consistent with the difference in the XRC FWHMs between the 

two samples. 

By calculating the total length of the observed BSFs divided by the image 
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area, we estimated the BSF density in the a-plane GaN to be ~ 3.4 X 105 cm-

1 and 2.7 X 105 cm-1 for sample without and with silica nano-spheres, 

respectively. We need further investigation to find out the reason for 

negligible decrease of BSF density in CIS a-plane GaN. 
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4.5. Reflectance enhancement of CIS a-plane GaN 
 

To confirm the effect of the silica nano-spheres on the light 

extraction of GaN, we investigated the diffuse reflectance of the CIS a-plane 

GaN epitaxial layers by collecting the light scattered at all angles by using an 

integrating sphere. The incident light has an angle of 8 degree from surface 

normal. The schematic of diffuse reflectance was shown in Fig 4. 11.  

Fig. 4. 12 shows that the total reflectance of the CIS a-plane GaN is 

higher than that of the conventional a-plane GaN without the CIS process. 

The Fresnel reflection caused from the interface of air (n=1) and GaN 

(n=2.43) have value of 17.7 % when incident light (wavelength =480 nm) 

has the angle of 8 degree from the surface normal. The total reflection of CIS 

a-plane GaN was enhanced by about 30 ~ 38 % in the wavelength range 

from 400 to 700 nm when we compared to the value of reference a-plane 

GaN. From the simple extraction the Fresnel reflection from the total 

reflectance, we can observed that about 10 % for reference a-plane GaN and 

20 % for CIS a-plane GaN of reflection enhancement were originated from 

the GaN and sapphire (n=1.7) interface. Since the surface root-mean-square 

(RMS) roughness of the samples measured by atomic force microscopy 

(AFM) over a 4 x 4 m2 area was almost constant with a value of 0.5 ± 0.1 

nm, this enhancement is attributed to the increased probability of the 
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escaping photons undergoing diffuse reflection and scattering by the silica 

nano-spheres in the GaN layer.  
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4.6. Conclusion 
 

In conclusion, a novel, simple and inexpensive efficiency 

improvement technique of crystalline quality employing silica nano-spheres 

is proposed. The 3-dimensional growth nature of a-plane GaN was utilized 

to from the regrowth template of a-plane GaN. Subsequently, the controlled 

integration of silica nano-spheres (CIS) into the regrowth template is 

performed to improve the crystal quality of a-plane GaN by epitaxial lateral 

overgrowth (ELO) method. The silica nano-spheres were used as the mask 

layer for the regrowth of nonpolar a-plane GaN with reduced threading 

dislocation density during subsequent ELO process. In addition, the CIS 

improves light reflection by the scattering process. This scattering process 

enhances the light extraction of a-plane GaN LEDs. We expect that the 

optimization of the CIS growth process on nonpolar GaN will lead to further 

improvements, such as the lowering of the extended defect density and 

improvement of the extraction efficiency of nonpolar LEDs.  
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Chapter 5. Fabrication of a-plane GaN light 

emitting diodes with silica nano-spheres 

 

5.1. Introduction 
 

In order to improve the emission efficiency of nonpolar a-plane 

GaN light emitting diodes (LEDs) by a simple process, we have reported that 

the controlled integration of silica nano-spheres (CIS) into the a-plane GaN 

epitaxial layer grown on r-plane sapphire by metal-organic chemical vapor 

deposition [1]. First, we intentionally grew the 3-dimensional (3D), rough a-

plane GaN buffer layer by using the anisotropic growth nature of a-plane 

GaN on r-plane sapphire. Then, the silica nano-spheres with diameter of 250 

nm were preferentially integrated in the valley of the buffer layers by using a 

spin coating method. In this CIS process, the silica nano-spheres integrated 

in the valley act as SiO2 mask layers in the subsequent epitaxial lateral 

overgrowth (ELO) process. In addition to the ELO effect by the silica nano-

spheres, the silica nano-spheres integrated in the GaN can improve the light 

extraction efficiency (LEE) of GaN-based LEDs. Nanometer-scale stacked 

silica spheres act as internal scattering centers of the light emitted from the 

active layer of the LEDs. This internal light scattering changes the path of 
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the emitted light to the top surface of LEDs. Therefore, the LEE of CIS 

GaN-based LEDs are increased by the enhanced probability of entering 

escape cone defined by the critical angle for total internal reflection.  

To evaluate the use of the CIS a-plane GaN in devices, we 

fabricated nonpolar InGaN/GaN LEDs on the CIS a-plane GaN template. 

The reference LED sample was fabricated using the same growth and 

fabrication process, except for the CIS process during the epitaxial growth.  

 

5.2. Experimental procedure 
 

The LED structures consist of 7-um-thick a-plane GaN template, 

1.5-um-thick n-type a-plane GaN, three pairs of InGaN/GaN quantum well 

layers with 3-nm-thick InGaN and 12-nm-thick GaN and 150 nm-thick p-

type a-plane GaN. The 60 second annealing was performed at 880 oC for the 

p-type activation. ITO and Ti/Al/Ti/Au were used as the p- and n-type 

contact materials, respectively. The LEDs were characterized by 

electroluminescence (EL), polarized EL, current-voltage measurements, light 

output power measurement. Finite-difference time-domain (FDTD) 

simulations of Lumerical Solutions were used to calculate the extraction 

efficiency and polarization ratio of LED structures. The schematic of CIS a-

plane GaN LED fabrication was shown in Fig. 5. 1. 
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5.3. Optical properties of CIS a-plane GaN light 
emitting diode 

 

Fig. 5. 2 shows the variation in the electroluminescence (EL) 

emission wavelength of the CIS a-plane GaN LED with the injection current 

(on-wafer test). The inset of Fig. 5. 2 shows the strong blue emission of the 

CIS a-plane GaN LED with 476.1 nm peak wavelength at an injection 

current of 20 mA. The emission peak wavelength was shifted from 477.3 nm 

at 10 mA to 476.5 nm at 100 mA. This negligible wavelength shift with 

increasing drive current is consistent with the minimal polarization-related 

internal electric fields in nonpolar a-plane GaN LEDs. The variation of the 

EL peak wavelength with respect to injection currents ranging from 10 mA 

to 100 mA was assessed. The EL peak wavelength is summarized in Fig. 5. 3. 

A blue shift in the emission wavelength was observed in the low-current 

range less than 40 mA, suggesting that localized states formed by potential 

fluctuations were gradually occupied by injected carriers and that higher 

energy levels with higher density of states began to contribute to the EL 

emission [2]. 
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5.4. Polarization properties of CIS a-plane GaN LED 
 

The interest in nonpolar orientations of the wurtzite crystal 

structure originates from the absence of internal electric fields in group-III-

nitride-based heterostructures, which are expected to improve the efficiency 

of light emitting diodes. GaN films grown along the polar direction (C plane), 

which are usually unstrained or isotropically strained; do not exhibit any in-

plane polarization anisotropy. In contrast, unstrained m- and a-plane GaN 

films, where the c axis lies in the film plane (cf. Figure 5. 4(a)), exhibit a 

significant in-plane polarization anisotropy with a degree of linear 

polarization of one for the A exciton, while the polarization anisotropy is 

much smaller for the B and C excitons (cf. Figure 5. 4(b)). 

The in-plane polarization anisotropy can be enhanced by 

anisotropic strain. This can be achieved by choosing a nonpolar orientation 

with an appropriate substrate. In the extreme case of m-plane GaN on 

LiAlO2, the degree of linear polarization can be increased to its maximum 

value of one for all three transitions between the three uppermost valence 

bands (VBs) and the conduction band (CB), corresponding to complete 

linear polarization for all three transitions. This optical anisotropy can be 

observed in transmission (absorption) and reflection, as well as 

photoluminescence (PL) and photoreflectance (PR) spectroscopy. For 
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anisotropically strained C-plane GaN films on (11-20) sapphire, the in-plane 

polarization properties have been previously reported in Refs. [3-5]. 

The electrical and optical properties of semiconductors are mainly 

governed by the electronic band structure (EBS) in the vicinity of the 

absolute VB maximum and CB minimum. In heteroepitaxial layers, the EBS 

of the film material can be strongly modified because of strain induced by 

the mismatch of the lattice constants as well as the thermal expansion 

coefficients between the film and substrate. To correctly predict the optical 

transition energies and polarization properties of the strained film, it is 

important to determine the dependence of the EBS modification on in-plane 

strain [6].   



 

 

Fig. 5. 4 (a)

and the cho

(EBS) of 

va

) The wurtzit

oice of coord

f unstrained G

alence bands 

87

te unit cell of

dinates. (b) Sc

GaN, showin

(VBs) wave 

 

f GaN showi

chematic ele

ng the conduc

e function sym

ing the c-, m-

ectronic band

ction band (C

mmetries. [6

-, a-planes 

d structure 

CB) and 

] 

 



88 
 

We found that light emitted from CIS a-plane GaN LED has the 

reduced polarization property. To confirm the reduced polarization property 

by silica nano-spheres, we experimentally measured the polarization ratio of 

top-emitted light of CIS a-plane GaN LED and performed three dimensional 

(3-D) finite-difference time-domain (FDTD) simulations.  

First, we obtained the polarization ratio from top-emitted light of 

CIS a-plane GaN LED by measuring EL intensity on polarizer angle as 

shown in Fig. 5. 5. EL intensities of E⊥c (m-direction) and E//c (c-direction) 

were also measured to calculate the polarization ratio. Definition of 

polarization ratio, ρ is (I E⊥c - I E//c)/ (I E⊥c + I E//c) shown in Fig. 5. 5. I is 

normalized EL intensity. Polarization ratios of the CIS a-plane LED and the 

reference sample without silica nano-sphere were 0.27 and 0.59, respectively. 

Polarization ratio of CIS a-plane LED decreased by 0.32, compared to the 

value of a-plane LED without silica spheres. 
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In order to confirm the effects of polarization conversion by silica 

nano-spheres, we performed the 3-D FDTD simulation. Polarization ratio of 

a-plane GaN LED with silica nano-spheres was calculated. Simulation 

model is shown in the inset of Fig. 5. 6.  

We assumed a simple structure made of a GaN layer with height of 

1 μm on sapphire substrate. A layer of periodic silica nano-spheres with 

diameter of 250 nm was on the sapphire substrate. Refractive index of GaN, 

silica and sapphire assumed 2.47, 1.46, 1.78, respectively at wavelength of 

480 nm. Size of model is 3 µm × 3 µm. A perfectly matched layer (PML) 

boundary condition [7] was employed as absorbing boundary at top and 

bottom site of simulation region. Then, periodic boundary condition was 

employed along the four lateral boundaries to ignore the finite size of 

simulation model and assume the periodic structure of regular silica nano-

sphere array. Mesh size is one tenth of the wavelength. To calculate 

accurately, mesh size of sphere lied section of simulation region was applied 

as 15 nm. Simulation time was 2000 fs.. A polarized dipole source along the 

E//c direction with wavelength of 480 nm was placed in the active layer 

Dipole source is located 300 nm beneath the surface of structure. Monitor 

that detects transmission of light is 350 nm above the surface of structure. 

We obtained total transmission of polarized emitted light along the E⊥c and 
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E//c directions for calculation of polarization ratio. Surface coverage of silica 

nano-spheres was varied from 0 to 44.2 %. 

The calculated result is shown in Fig. 5. 7. As the surface coverage 

increased from 0 to 44.2 %, the polarization ratio was decreased from 1.0 to 

0.30. Each silica nano-sphere acts as a scattering center which changes 

direction of oscillation in electromagnetic wave. Therefore, polarization ratio 

decreases with increased surface coverage by silica nano-spheres. Calculated 

polarization ratio is similar to the experimental result for the sample with 

surface coverage of around 40%. We estimated that the silica nano-spheres 

with diameter of 250 nm act as the scattering center of polarized light 

emitted from the QW layer. Therefore the polarization property of emitted 

light was converted to the random orientations which cause the reduced 

polarization of EL emission of CIS a-plane GaN LEDs.   
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5.5. Electrical properties of CIS a-plane GaN LED 

 

We investigated the current-voltage (I-V) characteristics of the CIS 

a-plane GaN LED and reference LED. The forward voltage and series 

resistance of the CIS a-plane GaN LED were measured to be 3.65 V at 20 

mA and 16.5 , whereas those of the reference LED are 4.25 V at 20 mA 

and 20.5 respectivelyas shown in Fig. 5. 8. The lower forward voltage 

and series resistance of the CIS a-plane GaN LED can be attributed to the 

improved crystal quality in less defective overgrown region of the CIS a-

plane GaN template, which is similar to the result obtained for the 

conventional ELO a-plane GaN template [8].  

To further investigate the forward voltage difference of CIS a-plane 

GaN LED and reference a-plane GaN LED, we first estimated that the band 

gap differences between CIS a-plane GaN and reference a-plane GaN. The 

optical energy gaps (Eg) of CIS a-plane and reference a-plane GaN were 

determined from Tauc’s expression [9] for direct band gap semiconductor by 

linear extrapolation of the plot of (h versus hto the energy axis. The 

physical bais fo Tauc’s expression is the assumption of parabolic energy 

bands, an energy-dependent momentum matrix element and relaxation of 

momentum conservation. Fig. 5. 9 show the variation in the plot of (h 
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versus h(Tauc’s plot) for the CIS a-plane GaN and reference a-plane GaN. 

It was found that the calculated optical energy gap values were 3.39 eV for 

CIS a-plane GaN and 3.41 eV for reference a-plane GaN. This negligible 

bandgap difference could not be a major reason for the forward voltage 

difference between CIS a-plane GaN LED and reference a-plane GaN LED.  

 To investigate the strain state of these two a-plane samples, we 

measured the polarized Raman spectra [10-13]. Since strain states of CIS a-

plane GaN and reference a-plane GaN measured by Raman spectra of A1 

(TO) and E2 (high) as shown in Fig. 5. 10 were almost similar for CIS and 

ref. a-plane GaN (measurement step interval = 0.3 cm-1), we confirmed that 

the negligible Raman shift originated from the similar strain state of CIS a-

plane GaN and reference a-plane GaN.  
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Figure 5. 11 show the forward I-V curve of reference a-plane GaN 

LED and CIS a-plane GaN LED replotted in semilogarithmic scale of Fig. 5. 

8. The I-V curves can be roughly divided into three regions [14, 15]: region I 

for the forward bias voltage less than 1.5 V, region II for the voltage between 

1.5 and 3 V, and region III for the voltage larger than 3 V. The measured I-V 

characteristics can be understood in the following manner. GaN has 

extremely low intrinsic carrier concentrations at room temperature [14]. 

Since carrier concentration in the depletion region is almost zero, the excess 

current in region I is due to carrier recombination in depletion regions 

through trap levels presumably associated with threading defects such as 

dislocations and stacking faults in a-plane GaN [16]. Region II is well 

explained in terms of the ideal diode equation for p-n junctions assuming 

diffusion current. Since I-V curves suffer from Ohmic loss by bulk resistance 

at high bias voltage [17], the diode current is basically limited by series 

resistance as shown in Fig. 5. 8 and 5. 11, which indicated that the two LEDs 

had similar series resistance. 

Although the two LEDs show the similar series resistance, 

reference a-plane LED exhibits larger leakage current than CIS a-plane GaN 

LED in region I. Those current were sufficiently high to involve a strong 

density of electronic localized states in the energy band gap in GaN, due to 
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the presence of defects such as impurities, vacancies, dislocations and 

stacking faults. Since the dislocation and stacking faults density of CIS a-

plane GaN were lower than those of reference a-plane GaN, slight larger 

forward leakage current of reference a-plane GaN LED was observed in 

region I. 

It is noted that as the leakage current is enhanced, the ideality factor 

increases and that a large ideality factor is often reported in GaN-based p-n 

junction diodes [18, 19]. Since the Ideal of dislocation and BSF in reference 

a-plane GaN LED increase the ideality factor of LED, the slope of I-V curve 

decrease and resulted in the forward voltage difference of two LEDs. 
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5.6. Light output power of CIS a-plane GaN LED 
 

The dependences of the EL output power on the drive current tested 

on-wafer for the CIS a-plane GaN LED and a-plane GaN LED without silica 

nano-spheres in the layer are shown in Fig. 5. 12. The emission spectra were 

measured by a photo detector at drive currents ranging from 2 to 100 mA. 

The photo current generated from the CIS a-plane GaN LED shows a 150 ~ 

130 % increase compared to that of the a-plane GaN LED without silica 

nano-spheres in the layer at the drive currents used in this test. We thus 

attribute the improved output power for the a-plane GaN LEDs to the 

decreased defect density in the GaN and increased extraction efficiency of 

the a-plane LED fabricated by the CIS process. 

The dependence of EL output power on the input power for the CIS 

a-plane GaN LED and a-plane GaN LED without silica nano-spheres in the 

layer are shown in Fig. 5. 13. Output power of CIS a-GaN LED with input 

power shows a 180 ~165 % increase compared to that of the ref. LED. 

Electrical efficiency improvement of CIS a-plane GaN LED shows the less 

electrical loss to heating due to the less defective region of CIS a-plane GaN 

template.   
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5.7. Conclusion 
 

In conclusion, a novel, simple and inexpensive efficiency 

improvement technique of LEDs employing silica nano-spheres is proposed. 

The silica nano-spheres were used as the mask layer for the regrowth of 

nonpolar a-plane GaN with reduced threading dislocation density and 

improved light extraction by the scattering process. Also, the silica nano-

spheres in the GaN layer reduced the anisotropic optical polarization 

property of non-polar a-plane GaN. We expect that the optimization of the 

CIS growth process on nonpolar GaN will lead to further improvements, 

such as the lowering of the extended defect density and improvement of the 

extraction efficiency of nonpolar LEDs. In addition, the CIS technique could 

be extended to the growth of other mismatched hetero-epitaxial systems. 
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Chapter 6. Growth of a-plane GaN with nano-

voids integrated into buffer layer 

 

6.1. Introduction 
 

Wurtzite GaN-based light emitting diode (LED) structures grown 

along the c-axis suffer from strong polarization related to internal electric 

fields, which induce the spatial separation of electrons and holes in the active 

layers and a resulting red-shift of the emission wavelength due to the 

quantum confined Stark effect [1]. To prevent these adverse effects, several 

groups have tried to grow GaN-based LED structures on nonpolar planes, 

such as the a-plane or m-plane [2,3]. To achieve high efficiency nonpolar 

LEDs for general illumination, the development of high quality nonpolar 

GaN epitaxial layers with a low defect density and a cost-effective technique 

to improve the light extraction efficiency of LEDs are required.  

Although nonpolar GaN substrates with high crystallinity can be 

obtained by slicing a thick c-plane GaN wafer grown by hydride vapor phase 

epitaxy (HVPE),[4] (1102)  r-plane sapphire is still the most commonly used 

large-area substrate for a-plane GaN growth, due to its relatively low cost. 

However, the major drawback of r-plane sapphire substrates for the 
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growth of nonpolar a-plane GaN is the high defect density in the a-plane 

GaN epitaxial layer. These defects mainly originate from the 16 % difference 

in the lattice constants between a-plane GaN and r-plane sapphire along the 

m-direction of GaN, resulting in high density, non-radiative recombination 

centers in a-plane GaN LEDs [3]. In addition, the enhanced in-plane growth 

rate anisotropy of a-plane GaN on r-plane sapphire results in the 3-

dimensional (3D) growth of a-plane GaN. This 3D growth leaves a large 

number of micrometer-scale triangular pits on the GaN surface during the 

coalescence of the islands [3,5,6].  

To prevent the formation of rough surfaces and/or triangular pits in 

a-plane GaN, most research groups have tried to grow nonpolar GaN at 

relatively low pressures to enhance the formation of islands in the nucleation 

layer [5-8]. This growth condition facilitated the coalescence of a-plane GaN 

at the early stage of growth, leading to pit-free surfaces. However, the 

coalesced surface formed at low pressure is usually grown at the expense of 

numerous threading dislocations in the epitaxial layer, due to the increased 

number of islands formed during its growth. To improve the crystalline 

quality of a-plane GaN, several research groups have reported the use of 

conventional epitaxial lateral overgrowth (ELO) or a modified ELO process 

on top of low-pressure-grown a-plane GaN with high threading dislocation 
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density [9-11]. However, such ELO processes resulted in long processing 

times and, hence, high cost, due to the complexity of such processes as mask 

deposition and etching.  

In order to improve the emission efficiency of nonpolar a-plane 

GaN light emitting diodes (LEDs) by a simple process, we have reported that 

the controlled integration of silica nano-spheres (CIS) into the a-plane GaN 

epitaxial layer grown on r-plane sapphire by metal-organic chemical vapor 

deposition [12]. In this CIS process, the silica nano-spheres integrated in the 

valley act as SiO2 mask layers in the subsequent epitaxial lateral overgrowth 

(ELO) process. In addition to the ELO effect by the silica nano-spheres, the 

silica nano-spheres integrated in the GaN can improve the light extraction 

efficiency (LEE) of GaN-based LEDs. Nanometer-scale stacked silica 

spheres act as internal scattering centers of the light emitted from the active 

layer of the LEDs. This internal light scattering changes the path of the 

emitted light to the top surface of LEDs. Therefore, the LEE of CIS GaN-

based LEDs are increased by the enhanced probability of entering escape 

cone defined by the critical angle for total internal reflection.  

In this experiment, we proposed the nano-viods in the a-plane GaN 

layers. Similar to the CIS a-plane GaN layer, integrated nano-voids in the a-

plane GaN layer improved the crystalline quality of a-plane GaN 
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subsequently grown on void due to the ELO process. In addition to the 

crystalline quality improvement, nanometer-scale spherical-shaped voids act 

as internal scattering centers of the light emitted from the active layer of the 

LEDs. This internal light scattering changes the path of the emitted light to 

the top surface of LEDs. Since the scattering of light enhanced when the 

refractive index difference between GaN (n=2.43) and scattering center such 

as silica nano-sphere (n=1.46) or nano-voids (n=1) is larger, scattering in the 

GaN layer will be increase by using nano-voids compared to the silica nano-

spheres. Therefore, the LEE of nano-voids a-plane GaN LEDs are increased 

compared to that of CIS a-plane LED.  

Due to the large thermal expansion coefficient difference between 

GaN and sapphire, heteroepitaxial GaN layer grown on sapphire suffer from 

the compressive stress and wafer bowing [13]. In case of nonpolar GaN on 

sapphire substrate, anisotropic material properties in the growth plane 

resulted in the anisotropic strain in the layer. Integrated nano-air voids near 

the GaN and sapphire interface compensate the internal strain of epitaxial 

layers [14], therefore nano-voids will decrease the compressive strain in the 

epitaxial layer which resulted in the reduction of wafer bowing.    
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6.2. Experimental procedure 
 

  r-plane sapphire wafers (-0.2 ± 0.05o off toward the m-axis of 

sapphire) were used as the substrates. The entire growth process for the 

nano-voids a-plane GaN was performed using a Thomas Swan 3 x 2 inch 

MOCVD reactor with hydrogen as a carrier gas and trimethylgallium and 

ammonia as precursors in the GaN growth process. The 3D-shaped a-plane 

GaN buffer layer was grown at a pressure of 300 torr. The controlled 

integration of the silica nano-spheres on the 3D a-plane GaN layer was 

performed using a spin coating method. The silica nano-spheres used in this 

experiment were dispersed in ethanol solution and their average diameter 

was 250 nm. For the fabrication of templates of nano-voids a-plane, 

regrowth was performed for 10 min to fill the gap between the silica nano-

spheres. Then the remained silica nano-spheres were etched by hydrogen 

fluoride (HF) to form the spherical nano-viods in the a-plane GaN template. 

For the overgrowth step on the silica nano-spheres, the growth pressure was 

decreased to 100 torr to promote the lateral growth of GaN. For the growth 

process, the V/III ratio and growth temperature were maintained at 380 and 

1040 oC, respectively.  
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6.3. Fabrication of nano-voids in the a-plane GaN 
layers 

 

On r-plane sapphire, we intentionally fabricated a rough a-plane 

GaN buffer layer by metal-organic chemical vapor deposition (MOCVD) 

and selectively masked trench areas with silica nano-spheres. After the 10 

min GaN regrowth on this template, some part of the gap between silica 

nano-spheres were filled by GaN. From the chemical etching by hydrogen 

fluoride (HF), silica nano-spheres were etched and integrated spherical nano-

voids were remained. During subsequent regrowth process, the nano-voids 

were not easily filled by GaN due to the selectivity of GaN growth process. 

The nano-voids blocked the propagation of the threading dislocations 

originating at the interface between the GaN and the sapphire substrate. In 

this study, we utilized the previously reported CIS process to form the 

spherical shaped nano-voids.  

A schematic of the formation of nano-voids in the a-plane GaN and 

regrowth process is illustrated in Fig. 6. 1.  
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A 3D-shaped a-plane GaN buffer layer (1-m-thick) with various 

facets such as{1101}  and (0001)  was grown, as shown in Fig. 6. 2(a). Then, 

silica nano-spheres with a diameter of 250 nm were preferentially integrated 

in the trench area of the 3D buffer layers by using a conventional spin 

coating method. The silica nano-spheres from an aqueous colloidal 

suspension were spread out on the substrate and integrated into the trench 

areas of the 3D GaN layer by evaporating the solution and subsequently 

displacing the silica nano-spheres to the trench area during the spin coating 

process [15-17]. Fig. 6. 2(b) shows a scanning electron microscopy (SEM) 

image of the a-plane GaN buffer layer with silica nano-spheres integrated in 

the trench area. During the 10 min GaN regrowth on this CIS GaN buffer 

layer at high temperature, the gap between silica nano-spheres were filled by 

GaN as shown in Fig. 6. 3. 

Figure 6. 4 shows the spherical nano-voids in the a-plane GaN layer. 

From the chemical etching by HF, silica nano-spheres were etched and we 

can observe the spherical shaped nano-voids in the site where the silica 

nano-sphere exist before the HF chemical etching. Nano-voids in the 

trenches of the 3D shaped a-plane GaN buffer layer, act as a mask for the 

subsequent ELO process.  

Fig. 6. 5 shows a cross-section SEM image of the a-plane GaN after 
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formation of nano-voids in the layer and regrowth process. The laterally 

grown a-plane GaN epitaxial layers on the integrated nano-voids are fully 

coalesced without the triangular pits commonly observed in the surface of 

the a-plane GaN. 
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6.4. FDTD simulations of a-plane GaN with embedded 
nano-structures 

 

To confirm the effect of spherical shaped nano-voids on light 

extraction efficiency of LEDs, we performed three dimensional (3-D) finite-

difference time-domain (FDTD) simulations.  

First, we assumed a simple 2D structure of  single nano-spheres 

sphere with different refractive index from 1 to 2.2 in the GaN matrix 

(n=2.43). We obtained the qualitative results of light scattering by nano-

spheres as shown in Fig. 6. 5. As the refractive index of nano-sphere was 

increased, the light scattering by nano-sphere in the GaN matrix was 

increased.  

To investigate the effect of nano-voids on the light extraction 

efficiency of LEDs, we assumed a simple structure made of a GaN layer 

with height of 2.3 μm on sapphire substrate. A layer of stacked nano-spheres 

with diameter of 250 nm, stacked nano-voids and SiO2 mask were on the 

sapphire substrate as shown in Fig. 6. 6. Surface coverage of nano-spheres 

was about 40 %.  
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Refractive index of GaN, silica and sapphire assumed 2.47, 1.46, 

1.78, respectively at wavelength of 480 nm. Size of model is 3.2 µm × 3.2 

µm. A perfectly matched layer (PML) boundary condition [18] was 

employed as absorbing boundary at top and bottom site of simulation region. 

Then, periodic boundary condition was employed along the four lateral 

boundaries to ignore the finite size of simulation model and assume the 

periodic structure of regular silica nano-sphere array. Mesh size is one tenth 

of the wavelength. To calculate accurately, mesh size of sphere lied section 

of simulation region was applied as 15 nm. Dipole source is located 100 nm 

beneath the surface of structure. Monitor that detects transmission of light is 

350 nm above the surface of structure. We obtained total emission to the top 

surface to calculate extraction efficiency of the structures. 

The calculated results are shown in Fig. 6. 7. The extraction 

efficiency of LEDs with embedded structures show the 60 to 160 % higher 

than that of reference LED without structure in the layer. 

Especially, spherical shaped stacked nano-spheres show the much 

higher extraction efficiency than the GaN with SiO2 mask due to the 

scattering effect by nanoscale particles. Also, LED with stacked nano-voids 

shows the 20 % higher extraction efficiency than LED with stacked silica 

nano-spheres due to the refractive index difference between silica (n=1.46) 
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and air (n=1).  

We estimated that the scattering in the GaN layer will be increase 

by using nano-voids compared to the silica nano-spheres. Therefore, the 

LEE of nano-voids a-plane GaN LEDs will increase compared to that of CIS 

a-plane LED.  
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6.5. Conclusion 
 

In conclusion, a novel, simple and inexpensive efficiency 

improvement technique of LEDs employing nano-air voids is proposed. The 

silica nano-spheres were used as the template for the formation of nano-

voids and regrowth of nonpolar a-plane GaN. A-plane GaN with embedded 

nano-voids will improve the light extraction by the scattering process and 

reduce the wafer bowing by formation of voids at the interface of GaN and 

sapphire substrate. We expect that the optimization of the nano-voids 

formation and growth process on nonpolar GaN will lead to further 

improvements, such as the lowering of the extended defect density, 

improvement of the extraction efficiency and reduced compressive strain in 

the layer of nonpolar LEDs.   
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Chapter 7. Conclusion 

 

In this study, for the high efficiency nonpolar a-plane GaN light emitting 

diode grown on r-plane sapphire substrate, high quality a-plane GaN 

templates are fabricated. The study starts from the growth of a-plane GaN 

buffer layers. 

To obtain pit-free and improved crystal quality a-plane GaN by metal-

organic chemical vapor deposition, we intentionally grew high-temperature 

(HT) 3-dimensional (3D) GaN buffer layers on a GaN nucleation layer. The 

effects of the HT 3D GaN buffer layers on crystal quality and the surface 

morphology of a-plane GaN were studied. The insertion of a 3D GaN buffer 

layer with an optimum thickness was found to be an effective method to 

obtain pit-free a-plane GaN with improved crystalline quality on r-plane 

sapphire substrates. An a-plane GaN light emitting diode (LED) at an 

emission wavelength around 480 nm with negligible peak shift was 

successfully fabricated. 

We utilized the 3D growth nature of a-plane GaN and controlled 

integration of silica nano-spheres into the rough GaN buffer layer to improve 

the crystalline quality of nonpolar a-plane GaN. In addition to the crystalline 

quality improvement by silica nano-spheres, the silica nano-spheres 
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integrated in the GaN can improve the light extraction efficiency (LEE) of 

GaN-based light emitting diodes (LEDs). Nanometer-scale silica spheres act 

as internal scattering centers of the light emitted from the active layer of the 

LEDs. Thus, the angle of reflected light at the GaN/sapphire interface is 

distributed over a wide range of angles. Therefore, the LEE of GaN-based 

LEDs is increased by the enhanced probability of entering escape cone 

defined by the critical angle for total internal reflection. The light output 

power from the CIS a-plane GaN LEDs show a 130 ~ 150 % increase 

compared to that of the a-plane GaN LED without silica nano-spheres in the 

layer. We thus attribute the improved output power for the a-plane GaN 

LEDs to the decreased defect density in the GaN and increased extraction 

efficiency of the a-plane LED fabricated with silica nano-spheres. 

And, we proposed the a-plane GaN with nano-viods integrated into 

a-plane GaN layers using CIS process. Similar to the CIS a-plane GaN layer, 

integrated nano-voids in the a-plane GaN layer improved the crystalline 

quality of a-plane GaN subsequently grown on void due to the ELO process. 

In addition to the crystalline quality improvement, nanometer-scale 

spherical-shaped voids act as internal scattering centers of the light emitted 

from the active layer of the LEDs. Since the scattering of light enhanced 

when the refractive index difference between GaN (n=2.43) and scattering 
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center such as silica nano-sphere (n=1.4) or nano-voids (n=1) is larger, 

scattering in the GaN layer will be increase by using nano-voids compared to 

the silica nano-spheres. Integrated nano-voids near the GaN and sapphire 

interface compensate the internal strain of epitaxial layers, therefore nano-

voids will decrease the compressive strain in the epitaxial layer which 

resulted in the reduction of wafer bowing.   

 

Until now, theoretical calculations show the nonpolar GaN based 

LEDs could be a candidate for a future high efficiency LEDs. The major 

obstacles for the application of nonpolar GaN were the high defects density 

and low light output power. In this study, we confirmed that the CIS and 

utilization of CIS techniques would be a solution for the high quality 

nonpolar a-plane GaN growth and high efficiency nonpolar GaN LEDs. And 

these techniques would be helpful to adopt the nonpolar GaN for the high 

efficiency future commercial LED. In addition, the CIS and utilization of 

CIS technique could be extended to the growth of other mismatched hetero-

epitaxial systems. 
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국문초록 

 질화물 기반의 (0001)면 극성 기판에 성장된 이종에피구

조는 자발 분극과 압전 분극으로부터 생기는 강력한 내부 전기장

의 영향을 받게 된다. 이러한 내부 전기장은 양자우물 구조에서 전

자와 정공의 공간적인 분리를 야기하여 효율을 감소시키고 

quantum confined Stark effect 에 의해서 발광 파장의 적색 편이 

현상이 발생하게 된다. 이러한 현상을 극복하기 위해서 여러 연구 

그룹에서는 GaN 기반의 구조를 비극성 또는 반극성 면에 성장하

는 노력을 하고 있다. 본 연구에서는 r면 사파이어 기판에 고효율

의 비극성 a면 GaN 발광 다이오드를 성장하기 위해서 고품위의 a

면 GaN을 성장하였다. 

  유기금속화학기상증착법을 이용하여 표면에 삼각형 형태

의 피트가 형성되지 않고 결정성이 향상된 a면 GaN을 성장하기 

위해서 의도적으로 3차원 형태의 버퍼층을 형성하였다. 그리고 3

차원 형태의 버퍼층이 a면 GaN 의 결정성과 표면 형상에 미치는 

영향을 연구하였다. 사파이어 기판 상에 a면 GaN을 성장할 때, 성

장 속도의 이방성에 의해 발생되는 3차원 성장의 특성을 활용하여 

3차원 형태의 버퍼층을 형성하였다. 3차원 형태의 버퍼층을 최적화

된 두께로 에피층 성장 중간에 삽입하면 에피층의 관통전위 등의 
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결함을 측면성장방법을 통하여 감소시켜 결정성이 향상된 a면 

GaN을 성장할 수 있다. 

 비극성 a면 GaN의 결정성을 더욱 향상시키고 발광 다이오

드의 효율 증대를 위해서 앞서 거론된 3차원 형태로 성장되는 a면 

GaN의 특성을 활용하였고, 이러한 3차원 형태의 버퍼층의 트렌치 

부분에 실리카 나노 구를(silica nano-spheres) 채워 넣었다. 이

러한 과정을 CIS(controlled integration of silica nano-spheres)

라고 정의하였다. 이러한 트렌치 영역에 채워진 실리카 나노 구가 

측면성장법의 마스크 층으로 작용하여 이 위에 a면 GaN 을 재성

장 할 때 에피층의 결정성이 향상 된다. 또한 나노미터 크기의 실

리카 구들이 발광 다이오드의 활성층에서 발생한 빛의 산란을 야

기하여 GaN/사파이어 계면에서 산란된 빛들의 진행 각도가 광범

위 하게 변하게 된다. 실리카 나노 구의 산란 효과로 인해서 에피

층 외부로 나오게 되는 빛이 전반사를 위한 임계각 보다 작은 각

도를 가지는 확률이 커지기 때문에 GaN 기반 발광 다이오드의 광

추출효율이 증가하게 된다. 실리카 나노 구를 이용한 비극성 CIS 

a면 GaN 발광다이오드는 실리카 구가 없는 발광다이오드에 비하

여 광 출력이 130~150% 증가하였다. 이러한 광 출력의 증가는 

실리카 나노 구의 삽입으로 인한 결함밀도 감소와 발광다이오드의 

광 추출효율 향상에서 비롯된다. 
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 앞서 이야기한 CIS 과정을 응용하여 a면 GaN 에피층 내

부에 나노 공극(nano-voids)이 형성된 a면 GaN 을 성장하였다. 

CIS a면 GaN과 유사하게 에피층 내부에 존재하는 나노 공극은 공

극 상단에서 측면성장 효과로 인해서 a면 GaN의 결정성을 향상시

킨다. 결정성 향상뿐만 아니라 나노 공극의 굴절률은(n=1) 기존 

실리카 구의 굴절률(n=1.4) 비해서 GaN 에피층의 굴절률(n=2.4)

과 차이가 더 크기 때문에 실제 발광 다이오드를 제작할 때 광 추

출효율도 실리카 구를 이용할 때 보다 더 증가할 수 있다. 또한 결

정성 향상의 효과와 광 추출효율 향상의 효과 이외에도 기판과 에

피층 사이의 계면에 형성된 나노 공극들로 인해서 에피성장 후 

GaN 과 사파이어 기판의 열팽창 계수 차이에서 야기되는 기판 내

부의 잔류응력 제거와 기판 휨 감소에도 효과적이다. 

 

 

주요어:  
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