
 

MORPHOLOGICAL EVOLUTION, GROWTH MECHANISM AND  

STRUCTURAL PHASE TRANSFORMATION  

OF ELO GaN NANOSTRUCTURES ON GaAs (001) 

 

Mr. Pattana Suwanyangyaun 

A Dissertation Submitted in Partial Fulfillment of the Requirements 

for the Degree of Doctor of Philosophy Program in Nanoscience and Technology 

 (Interdisciplinary Program) 

Graduate School 

Chulalongkorn University 

Academic Year 2015 

Copyright of Chulalongkorn University 

 

 



 

 

ววิฒันาการเชิงสันฐาน กลไกการปลูกผลึกและการเปล่ียนเฟสเชิงโครงสร้างของโครงสร้าง 

 นาโน GaN อีแอลโอ บน GaAs (001) 

 

นายพฒันะ สุวรรณยัง่ยนื 

วทิยานิพนธ์น้ีเป็นส่วนหน่ึงของการศึกษาตามหลกัสูตรปริญญาวทิยาศาสตรดุษฎีบณัฑิต 

สาขาวชิาวทิยาศาสตร์นาโนและเทคโนโลยี (สหสาขาวชิา) 

บณัฑิตวทิยาลยั จุฬาลงกรณ์มหาวทิยาลยั 

ปีการศึกษา 2558 

ลิขสิทธ์ิของจุฬาลงกรณ์มหาวทิยาลยั 

 

 



 

 

Thesis Title MORPHOLOGICAL EVOLUTION, GROWTH 

MECHANISM AND STRUCTURAL PHASE 

TRANSFORMATION OF ELO GaN 

NANOSTRUCTURES ON GaAs (001) 

By Mr. Pattana Suwanyangyaun 

Field of Study Nanoscience and Technology 

Thesis Advisor Assistant Professor Sakuntam Sanorpim, Ph.D. 

Thesis Co-Advisor Chanchana Thanachayanont, Ph.D. 
  

 Accepted by the Graduate School, Chulalongkorn University in Partial 

Fulfillment of the Requirements for the Doctoral Degree 

 

 Dean of the Graduate School 

(Associate Professor Sunait Chutintaranond, Ph.D.) 

THESIS COMMITTEE 

 Chairman 

(Associate Professor Vudhichai Parasuk, Ph.D.) 

 Thesis Advisor 

(Assistant Professor Sakuntam Sanorpim, Ph.D.) 

 Thesis Co-Advisor 

(Chanchana Thanachayanont, Ph.D.) 

 Examiner 

(Assistant Professor Sukkaneste Tungasmita, Ph.D.) 

 Examiner 

(Ratthapol Rangkupan, Ph.D.) 

 External Examiner 

(Somyod Denchitcharoen, Ph.D.) 

 

 



 iv 

 

 

THAI ABST RACT 

พฒันะ สุวรรณยัง่ยืน : วิวฒันาการเชิงสันฐาน กลไกการปลูกผลึกและการเปล่ียนเฟสเชิงโครงสร้าง
ของโครงสร้าง นาโน GaN อีแอลโอ บน GaAs (001) (MORPHOLOGICAL EVOLUTION, 

GROWTH MECHANISM AND STRUCTURAL PHASE TRANSFORMATION OF ELO 

GaN NANOSTRUCTURES ON GaAs (001)) อ.ท่ีปรึกษาวิทยานิพนธ์หลกั: สกุลธรรม เสนาะ
พิมพ,์ อ.ท่ีปรึกษาวทิยานิพนธ์ร่วม: ชญัชณา ธนชยานนท{์, 77 หนา้. 

ฟิลม์คิวบิกแกลเลียมไนไตรด์ (cubic phase GaN, c-GaN) อีแอลโอ ถูกเตรียมโดยการใชเ้ทคนิคการ
ปลูกผลึกแบบการคดัเลือกพ้ืนท่ี (selective area growth) ลงบนซบัสเตรต (substrate) แกลเลียมอาร์เซไนด ์

(GaAs) ผิวระนาบ (001) ท่ีมีแบบลกัษณะเป็นแนวเสน้ตรง (stripe pattern) วางตวัในทิศทาง [100], [1-10] และ 

[110]  ดว้ยวธีิการปลูกผลึกแบบกระบวนการเมทอลออร์แกนิกเวเปอร์เฟสเอพิเทกซี จากผลการตรวจวดัลกัษณะ
เชิงสันฐานของฟิลม์ c-GaN อีแอลโอ ท่ีปลูกผลึกบนแบบลกัษณะเป็นแนวเส้นตรงท่ีมีทิศทางต่างกนัดว้ยกลอ้ง
จุลทรรศน์อิเลก็ตอรนแบบส่องกราด (Scanning Electron Micro Scope, SEM) พบวา่พ้ืนผิวดา้นขา้งของฟิลม์มี
ลกัษณะแตกต่างกนัอย่างเห็นไดช้ดั โดยฟิลม์คิวบิก GaN อีแอลโอ ท่ีถูกปลูกในทิศทาง [100] มีพ้ืนผิวท่ีไม่
สามารถจ าแนกทิศทางได้ โดยเฉพาะพ้ืนท่ีผิวดา้นขา้งของฟิลม์ ส าหรับการปลูกผลึกในทิศทาง [1-10] แสดง
พ้ืนผิวดา้นขา้งท่ีสอดคลอ้งกบัระนาบ (113) อยา่งชดัเจน และสุดทา้ยส าหรับการปลูกในทิศทาง [110] แสดง
พ้ืนผิวดา้นขา้งท่ีสอดคลอ้งกบัระนาบ (111) อยา่งชดัเจน นอกจากน้ี การตรวจสอบฟิลม์ c-GaN อีแอลโอวา่มี
โครงสร้างผลึกแบบคิวบิกหรือเฮกซะโกนัล จะใชก้ลอ้งจุลทรรศน์แบบคอนโฟคอลรามานในการตรวจวดับน
พ้ืนผิวดา้นขา้งและดา้นบนของฟิล์มในบริเวณจ าเพาะขนาด 2 ไมครอนตามเส้นผ่านศูนยก์ลาง เพื่อศึกษา
ระยะเวลาการปลูกผลึกท่ีนานข้ึนมีผลต่อการเปล่ียนโครงสร้างผลึกของฟิลม์ c-GaN อีแอลโอท่ีปลูกในแต่ละ
ทิศทาง ส าหรับเทคนิคการเล้ียวเบนรังสีเอกซ์ก าลงัแยกสูง (high resolution X-ray diffraction, HRXRD) จะใช้
ในการศึกษาสมบติัเชิงโครงสร้างและคุณภาพผลึกของฟิล์ม  c-GaN อีแอลโอ ในแต่ละทิศทาง ส าหรับการ
ค านวณหาปริมาณโครงสร้างเฮกซะโกนลัในฟิลม์คิวบิก GaN อีแอลโอ นั้นหาจากสดัส่วนความเขม้รังสีเอกซ์จาก
ระนาบ c-GaN (002) และ h-GaN (10-11) ซ่ึงไดจ้ากโหมดแผนท่ีระยะทางส่วนกลบั (reciprocal space 

mapping) จากผลการทดลอง บ่งช้ีวา่ โครงสร้างแบบคิวบิกท่ีจะเกิดมากเม่ือปรากฎระนาบ (113) และโครงสร้าง
แบบเฮกซะโกนลัท่ีจะเกิดมากเม่ือปรากฎระนาบ (111) ไม่ไดข้ึ้นกบัเวลาการปลูกผลึกเพียงอยา่งเดียว ปัจจยัส าคญั
ท่ีส่งผลต่อการเปล่ียนโครงสร้างผลึก คือ ค่าตวัประกอบเติมเต็มของบริเวณการคดัเลือกพ้ืนท่ี (หรือ Fill Factor, 

FF) จากการควบคุมค่า FF ให้เหมาะสมจะให้ฟิล์ม c-GaN อีแอลโอ ในทิศทาง [110] บน GaAs ผิวระนาบ 

(001) ท่ีมีคุณภาพของผลึกของฟิลม์ดี และมีสดัส่วนโครงสร้างผลึกแบบคิวบิกสูงได ้

 

 

สาขาวชิา วทิยาศาสตร์นาโนและเทคโนโลย ี

ปีการศึกษา 2558 
 

ลายมือช่ือนิสิต   
 

ลายมือช่ือ อ.ท่ีปรึกษาหลกั    
ลายมือช่ือ อ.ท่ีปรึกษาร่วม      

 

 



 v 

 

 

ENGLISH ABST RACT 

# # 5487843920 : MAJOR NANOSCIENCE AND TECHNOLOGY 

KEYWORDS: GALLIUM NITRIDE / CRYSTAL STRUCTURE / RAMAN SPECTROSCOPY / 

HIGH RESOLUTION X-RAY DIFFRACTION / METALORGANIC VAPOR PHASE EPITAXY 

PATTANA SUWANYANGYAUN: MORPHOLOGICAL EVOLUTION, GROWTH 

MECHANISM AND STRUCTURAL PHASE TRANSFORMATION OF ELO GaN 

NANOSTRUCTURES ON GaAs (001). ADVISOR: ASST. PROF. SAKUNTAM 

SANORPIM, Ph.D., CO-ADVISOR: CHANCHANA THANACHAYANONT, Ph.D. {, 77 

pp. 

Epitaxial lateral overgrown (ELO) cubic-phase gallium nitride (c-GaN) films with a 

selective area growth method were grown on the [100], [1-10] and [110] mask-stripe patterned GaAs 

(001) substrates by metalorganic vapor phase epitaxy. The growth morphologies of ELO c-GaN films 

for each mask-stripe direction were investigated by scanning electron microscope (SEM). The results 

show that c-GaN films on [100] mask stripe pattern exhibited unidentified sidewall facets, on [1-10] 

mask stripe pattern demonstrated the dominant (113) side wall facets and, finally, on [1-10] mask stripe 

pattern revealed dominant (111) sidewall facets. Confocal Raman microscope was an instrument to 

investigate crystal structure that cubic or hexagonal phases on top and sidewall facet of c-GaN films in 

the specific area of 2 µm in diameter. The structural phase transformation in the ELO c-GaN films was 

study by varying growth time. High resolution X-ray diffraction analysis was performed to investigate 

crystal structures and crystal quality of the ELO c-GaN films for each mask stripe direction. Hexagonal 

phase inclusion was calculated from the integrated X-ray intensities ratio between c-GaN (002) and h-

GaN (10-11) reflections extracted from the reciprocal space mappings. Based on our results, normally 

cubic phase structure has dominant on the (113) sidewall facets and hexagonal phase structure has 

dominant on the (111) sidewall facets. However, the growth time is not the only parameter that effects 

on structural phase transformation. Selective area growth with controlled mask fill-factor (FF) is 

another important parameter to control structural phase transformation. With the suitable mask fill 

factor (FF >0.7), ELO c-GaN for the [110] mask stripe direction on GaAs (001) showed a good crystal 

quality and very high cubic phase quantity. 

 

 

Field of Study: Nanoscience and Technology 

Academic Year: 2015 
 

Student's Signature   
 

Advisor's Signature   
 

Co-Advisor's Signature   
   

 

 



 vi 

 

 

 
ACKNOWLEDGEMENT S 
 

ACKNOWLEDGEMENTS 

 

This dissertation cannot be completed without their opinions. First and foremost, 

I would like to express my deepest gratitude to my advisor, Assistant Professor Dr. 

Sakuntam Sanorpim. Without him, I will not have the opportunity to complete a doctoral 

degree. He guides me along the right paths when I have problems. My co-advisor, Dr. 

Chanchana Thanachayanont, who give me some advices.  

I am grateful to my thesis committee Associate Professor Dr. Vudhichai Parasuk, 

Assistant Professor Dr. Sukkaneste Tungasmita, Dr. Ratthapol Rangkupan and Dr. 

Somyod Denchitcharoen for making the valuable suggestions and comments to improve 

this dissertation.  

Special thanks goes to Mrs. Nasuangsorn Yopanaksakdi who is a Program 

Coordinator in Nanoscience and Technology for helping me preparing the academic and 

financial documents. 

I would like to thank my colleagues from AMPRG members. Especially, Mrs. 

Pawinee Klangtakai, Ms. Dares Kaewket, Ms. Jamreonta Parinyataramas, Ms. Papaporn 

Jantawongrit, Mrs. Pornsiri Wanarattikan, Mr. Phongbandhu Sirirattanawong, Mr. 

Pitshaya Praigaew, Mr. Noppadon Toongyai, Mr. Kunpot Mopoung, Ms. Nattamon 

Suwannahan, Mr. Nutthapong Discharoen and Mr. Taworn Intaro. Without their support, 

this research would not have been completed. 

I would like to acknowledge the financial support from Center of Innovative 

Nanotechnology (CIN) under management of Chulalongkorn University for tuition fees (3 

years), The 90th anniversary of Chulalongkorn university fund (Ratchadaphiseksomphot 

Endowment Fund), The Ratchadaphiseksomphot Endowment Fund of Chulalongkorn 

University (RES560530227-AM) and Conference grant for Ph.D. Student. 

 Last but not the least, I would like to express my appreciation to my parents 

who love, understand and encourage me. I also express my appreciation to Ms. Chanutr 

Chinratanapisit, for all her love and support. 

 



CONTENTS 
  Page 

THAI ABSTRACT ....................................................................................................... iv 

ENGLISH ABSTRACT................................................................................................. v 

ACKNOWLEDGEMENTS .......................................................................................... vi 

CONTENTS ................................................................................................................. vii 

LIST OF FIGURES ....................................................................................................... x 

LIST OF TABLES ...................................................................................................... xiv 

CHAPTER I ................................................................................................................... 1 

INTRODUCTION ......................................................................................................... 1 

1.1 Overview of Gallium Nitride (History and Motivation) ...................................... 1 

1.2 Objectives and Scope ........................................................................................... 7 

1.3 Expectations ......................................................................................................... 7 

1.4 Organizations of the Dissertation ........................................................................ 8 

CHAPTER II .................................................................................................................. 9 

ELO CUBIC GaN .......................................................................................................... 9 

2.1 GaAs Substrate .................................................................................................... 9 

2.2 Buffer Layer ....................................................................................................... 14 

2.3 Selective Area Growth (SAG) ........................................................................... 16 

2.3.1 Dot Pattern ................................................................................................ 17 

2.3.2 Line Pattern .............................................................................................. 18 

2.4 Epitaxial Lateral Overgrowth (ELO) ................................................................. 18 

2.5 Mask Fill Factor ................................................................................................. 19 

2.6 Growth Temperature .......................................................................................... 21 

CHAPTER III .............................................................................................................. 23 

GROWTH PROCESS AND CHARACTERIZATION .............................................. 23 

3.1 MOVPE Growth Process ................................................................................... 23 

3.1.1 Mask Stripe Directions ............................................................................. 23 

3.1.2 ELO c-GaN Film Growth Process ............................................................ 24 

3.1.3 Sample Structure ...................................................................................... 26  

 



 viii 

  Page 

3.2 Characterization Techniques .............................................................................. 27 

3.2.1 Scanning Electron Microscope (SEM) ..................................................... 28 

3.2.2 Micro-Raman Scattering .......................................................................... 29 

3.2.3 High Resolution X-ray Diffraction (HRXRD) ......................................... 32 

3.2.3.1 2θ/ω-scan mode ............................................................................ 34 

3.2.3.2 Rocking curve (ω-scan) mode ...................................................... 34 

3.2.3.3 Reciprocal space mapping (RSM) mode ...................................... 35 

CHAPTER IV .............................................................................................................. 40 

EXPERIMENTAL RESULTS..................................................................................... 40 

4.1 Optical Image ..................................................................................................... 40 

4.2 Scanning Electron Microscopy (SEM) .............................................................. 43 

4.2.1 Plane View of SEM Images ..................................................................... 44 

4.2.2 Cross-sectional View of SEM Images ...................................................... 45 

4.3 Micro Raman Scattering Spectroscopy ............................................................. 48 

4.4 High Resolution X-ray Diffraction .................................................................... 52 

4.4.1 2θ/ω-scan Profiles .................................................................................... 52 

4.4.2 Rocking Curve .......................................................................................... 54 

4.4.3 Reciprocal Space Mapping ....................................................................... 57 

CHAPTER V ............................................................................................................... 64 

CONCLUSIONS.......................................................................................................... 64 

REFERENCES ............................................................................................................ 66 

APPENDIX .................................................................................................................. 71 

APPENDIX A .............................................................................................................. 72 

LIST OF ACRONYMS ........................................................................................... 72 

APPENDIX B .............................................................................................................. 74 

LIST OF PUBLICATION AND CONFERENCES ................................................ 74 

VITA ............................................................................................................................ 77 

 

 



 

 

LIST OF FIGURES 

Figure 1.1: Band gap energy of hexagonal or wurtzite (α-phase) and cubic or 

zincblende (β-phase) structures ..................................................................................... 1 

Figure 1.2: Visible light wavelength from violet 380 nm to red 740 nm and RGB 

color model .................................................................................................................... 2 

Figure 1.3: Crystal structure of hexagonal (wurtzite) GaN and cubic (zincblende) 

GaN ................................................................................................................................ 4 

Figure 1.4: Potential profile of hexagonal GaN/AlGaN quantum well structures. 

(a) polar c-plane and (b) non-polar plane ...................................................................... 5 

Figure 1.5: Lattice mismatch of c-GaN with other substrates and thermal 

expansion coefficient (TEC) .......................................................................................... 6 

Figure 2.1: Misfit dislocation and threading dislocation lines in layer. ...................... 10 

Figure 2.2: Top and side views of h-GaN [0001] and c-GaN [111]. ........................... 11 

Figure 2.3: Planar defect along to [110] cross-section (a) c-GaN on [001], (b) h-

GaN on [0001] and (c) stacking fault and twin defect for c-GaN structure ................ 12 

Figure 2.4: Cross-sectional SEM images of c-GaN on (a) GaAs (001) and (b) 

GaAs (311)A ................................................................................................................ 14 

Figure 2.5: Cross-sectional SEM images of c-GaN on GaAs (100) (a) without and 

(b) with LT-GaN buffer layer ...................................................................................... 15 

Figure 2.6: Top and side view of SAG c-GaN with a) dot and b) line patterns 

(green color - mask and orange color - windows or open width area). ....................... 16 

Figure 2.7: Schematic diagram of reduction mechanism of SFs during ELO of 

cubic GaN .................................................................................................................... 17 

Figure 2.8: Morphologies of SAG c-GaN films along to the [100], [1-10] and 

[110] mask stripe directions ......................................................................................... 18 

Figure 2.9: Growth models of ELO c-GaN on (a) [1-10] and (b) [110] mask 

pattern GaAs (001) ....................................................................................................... 19 



 

 

x 

Figure 2.10: Mask fill factor [M – mask area and W - windows or open width 

area].............................................................................................................................. 20 

Figure 2.11: Dependence of the hexagonal phase inclusion on the fill factor ............. 20 

Figure 2.12: Growth features of SAG c-GaN on (a) [011] and (b) [001]-stripe 

pattern for different growth temperature ...................................................................... 22 

Figure 3.1: Mask pattern along [100], [1-10] and [110] directions on GaAs (001) 

substrate (green color - mask oxide and grey color - windows area) .......................... 23 

Figure 3.2: The horizontal reactor of MOVPE system ................................................ 24 

Figure 3.3: Growth temperature and growth time process of ELO c-GaN with 

double buffer layers ..................................................................................................... 25 

Figure 3.4: Sample structure of c-GaN on GaAs (001) with mask stripe pattern 

and double buffer layers of LT-GaN and GaAs........................................................... 27 

Figure 3.5: (a) Signal of incident electron beam to sample and (b) secondary 

electrons on different surface on sample ..................................................................... 28 

Figure 3.6: Energy diagram of Rayleigh scattering, Stokes and anti-Stokes Raman 

scattering ...................................................................................................................... 29 

Figure 3.7: (a) Illustrated of HRXRD and (b) photo of Bruker-AXS Discover D8 

in High resolution mode............................................................................................... 32 

Figure 3.8: X-ray with Bragg’s law ............................................................................. 33 

Figure 3.9: Rocking curve mode (ω-scan) of c-GaN (002) ......................................... 34 

Figure 3.10: Symmetrical RSM mode of c-GaN (002) on GaAs (a) type of defects 

and (b) hexagonal phase inclusion {10-11} ................................................................. 36 

Figure 3.11: c-GaN on GaAs (001) with family plane of {111} [1-10] azimuth 

axes .............................................................................................................................. 38 

Figure 4.1: Multiple optical microscopy images of SAG/ELO c-GaN on GaAs 

(001) at growth time of 10 min (sample size 11.4 x 9.9 mm)...................................... 40 



 

 

xi 

Figure 4.2: Optical microscope images (500x) of SAG/ELO c-GaN films on (a-d) 

[100], (e-h) [1-10] and (i-l) [110] mask pattern GaAs (001) at growth time of 10, 

30, 60 and 120 min....................................................................................................... 42 

Figure 4.3: Plane view SEM images of SAG/ELO c-GaN on (a-d) [100], (e-h) [1-

10] and (i-l) [110] mask pattern GaAs (001) at the growth time of 10 to 120 min ..... 44 

Figure 4.4: Cross-sectional view SEM images of SAG/ELO c-GaN on (a-d) [100], 

(e-h) [1-10] and (i-l) [110] mask pattern GaAs (001) at the growth time of 10 to 

120 min ........................................................................................................................ 45 

Figure 4.5: Cross-sectional view of SEM images (x6000) of ELO c-GaN on GaAs 

(001) a) [1-10] at growth time of 30 min and b) [110] at growth time of 120 min ..... 47 

Figure 4. 6 : Micro Raman spot size ~2 µm on the top and side facets of SAG/ELO 

c-GaN films .................................................................................................................. 48 

Figure 4.7: Raman spectra on the top area of SAG/ELO c-GaN on [1-10] mask 

patterned GaAs (001) at growth time of 120 minutes.................................................. 50 

Figure 4.8: Raman spectra of ELO c-GaN on GaAs (001) on the top and sidewall 

facets with different growth times and mask stripe directions .................................... 51 

Figure 4.9: HRXRD 2θ/ω-scan profiles of SAG/ELO c-GaN on [100], [1-10] and 

[110] mask stripe patterned GaAs (001) and normalized FWHM Δ(2θ/ω) profiles 

of c-GaN (002) ............................................................................................................. 53 

Figure 4.10: HRXRD c-GaN (002) ω-scan profiles of incident X-ray directions 

perpendicular and parallel with [100], [1-10] and [110] mask stripe directions ......... 55 

Figure 4.11: ω-scan profiles of incident X-ray perpendicular and parallel to [100], 

[1-10] and [110] mask stripe directions at growth time of 10 to 120 min ................... 56 

Figure 4.12: Symmetrical RSMs of c-GaN (002) for [100] mask stripe pattern 

with normalized c-GaN (002) individual growth times ............................................... 58 

Figure 4.13: Symmetrical RSMs of c-GaN (002) for [1-10] mask stripe pattern 

with normalized c-GaN (002) individual growth times ............................................... 59 



 

 

xii 

Figure 4.14: Symmetrical RSMs of c-GaN (002) for [110] mask stripe pattern 

with normalized c-GaN (002) individual growth times ............................................... 60 

Figure 4.15: (a) Raman spectra of c-GaN stripe on the top and sidewall facets and 

(b) Integrated Raman intensities ratio of c-GaN (LO) to c-GaN (LO) with h-GaN 

E2 high .......................................................................................................................... 63 

Figure 4.16: Morphologies of ELO c-GaN on [110] mask stripe pattern GaAs 

(001) (a) with h-GaN dominant and (b) with c-GaN dominant ................................... 63 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xiii 

LIST OF TABLES 

  

Table 3.1: Phonon modes in cubic and hexagonal GaN .............................................. 30 

Table 3.2: Theoretical calculation X-ray intensities of c-GaN (002) and h-GaN 

(10-11).......................................................................................................................... 37 

Table 4.1: The vertical growth rate of SAG/ELO c-GaN on [100], [1-10] and 

[110] mask patterned GaAs (001) ................................................................................ 48 

Table 4.2: The growth time with the integrated intensities of hexagonal phase 

inclusion ....................................................................................................................... 61 

 



 

 

CHAPTER I 

INTRODUCTION 

1.1 Overview of Gallium Nitride (History and Motivation) 

 Gallium nitride (GaN) is one of the III-N semiconductor materials along with 

aluminium nitride (AlN) and indium nitride (InN) which have unique properties to be 

produced as optoelectronic and high frequency devices. GaN has a wide band gap 

energy which can be adjusted by alloying with Al and In to AlGaN, InGaN or 

AlInGaN. 

  

 

Figure 1.1: Band gap energy of hexagonal or wurtzite (α-phase) and cubic or 

zincblende (β-phase) structures [1-3]. 



 

 

2 

 

Figure 1.2: Visible light wavelength from violet 380 nm to red 740 nm and RGB color 

model. 

 

The relationship of band gap energy and lattice constant is shown in Fig 1.1 of 

which the band gap energies of these III-N semiconductor materials cover visible light 

wavelength region.  Al or In doping in GaN can be fabricated to optoelectronics 

devices such as solar cells, laser diodes (LDs) and light-emitting diodes (LEDs). 

 For solar cells, the third generation of solar cells is multilayer or tandem cells 

which call multijunction solar cells. InGaN/GaN multiple-quantum well (MQW) 

structure as absorber layer of tandem cells can result in high conversion efficiency by 

51% with nanorod and nanohole [4]. High power violet and blue LDs are constructed 

from InGaN based semiconductor materials which are used as LDs for reading Blu-

ray Disc (BD). Pure green LDs based on InGaN is an interesting product which has 

high operating temperature and high efficiency (over 100mW) compared with other 

green LDs such as gallium phosphide (GaP), aluminium gallium phosphide (AlGaP) 

and aluminium gallium indium phosphide (AlGaInP) [5]. However, the most 

interesting in optoelectronics devices for GaN based semiconductor materials is LEDs 

especially white light-emitting diodes (WLEDs). There are three main methods to 

produce WLEDs. The first method is blue, green and red LEDs color mixing which 

the red-green-blue (RGB) model shown in Fig. 1.2. The second method is using 
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ultraviolet (UV) LEDs with RGB phosphors and the last method is using blue LEDs 

with yellow phosphor.  

 Among of them, blue LEDs with yellow phosphor have the highest conversion 

efficiency and the longest life time. At the beginning, it was difficult to produce blue 

LEDs because the p-type GaN could not fabricated. In 1989, Amano et al. invented p-

type GaN with Mg doping by metal organic chemical vapour deposition (MOCVD) 

with post low-energy electron-beam irradiation (LEEBI) treatment however, their 

electrical properties were not good enough to fabricate LEDs and LDs [6].  

 The first high efficiency blue LEDs based on InGaN was invented by 

Nakamura et al. from Nichia Corporation in 1994 by using p-type GaN doped with Al 

and Mg [7]. In 2014, the Nobel Prize for Physics was award to Shuji Nakamura, 

Isamu Akasaki and Hiroshi Amano for their development of the efficient blue LEDs 

which can produce WLEDs for energy saving.  

 By understanding crystal structures of GaN, high effective optoelectronics 

devices can be fabricated. There are two main crystal structures of GaN which are 

hexagonal (wurtzite) or alpha (α-phase) and cubic (zincblende) or beta (β-phase), as 

shown in Fig. 1.3. The other structure is rocksalt which occurs only at high pressure. 

The h-GaN structure is a stable form in nature which can be fabricated more easily 

than the c-GaN structure.  
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Figure 1.3: Crystal structure of hexagonal (wurtzite) GaN and cubic (zincblende) 

GaN. 

 

Most of LEDs and LDs based on GaN are constructed from polar c-plane h-

GaN (0001). However, the polar c-plane of h-GaN has a disadvantage that it has 

strong internal electric field from the charge spatial separation within the c-plane h-

GaN (0001) based quantum well (QW). This increases effective barrier height leading 

to a reduced recombination efficiency [8].         

 The potential profile of polar and non-polar plane GaN/AlGaN QW shown in 

Fig. 1.4. The spatial separation between potential band is tilted due to polarization 

induced internal electric field which makes the wave function at energy level holes in 

valence band (VB) and energy level of electrons in conduction band (CB) smaller 

than non-polar plane. This phenomenon is called quantum confined stark effect 

(QCSE).  
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Figure 1.4: Potential profile of hexagonal GaN/AlGaN quantum well structures. (a) 

polar c-plane and (b) non-polar plane [9]. 

 

The band diagram of non-polar plane QW shows wave function that has spatial 

overlap directly between CB and VB which increases recombination rate.   

 Non-polar (a-plane or m-plane) or semipolar (r-plane) have been considered to 

avoid the problem however, those planes are hard to cleave and costly to produce [10, 

11]. Another alternative way is using non-polar cubic GaN (c-GaN) (001) because 

cubic structure has higher crystal symmetry leading to higher electron mobility which 

is also an advantage for high-speed devices. 
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Figure 1.5: Lattice mismatch of c-GaN with other substrates and thermal expansion 

coefficient (TEC) [12, 13].  

 

 However, there are some problems for c-GaN (001) growth such as lack of suitable 

substrates causing large lattice mismatch between c-GaN film and substrate and c-

GaN is an unstable form in nature which is not easy to fabricate. 

 Gallium arsenide (GaAs) is one promising cubic substrate for growth of c-

GaN films because it has thermal expansion coefficient (TEC) near that of c-GaN 

compared with other cubic substrates such as 3C-SiC (zincblende silicon carbide) and 

Si (Silicon), see Fig. 1.5. Although a large lattice mismatch will lead to some defects 

in c-GaN films such as dislocations and stacking faults, severe problems depend on a 

large TEC mismatch causing residual stress in the c-GaN films which have major 

impact.  
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1.2 Objectives and Scope  

 The objectives of this dissertation are as following; (i) to investigate growth 

morphologies of SAG/ELO cubic GaN with various mask-stripe directions and 

growth times, (ii) to manipulate the structural phase of GaN using ELO technique and 

(iii) to verify growth mechanism of SAG/ELO cubic GaN nanostructures.  

To complete all objectives, the c-GaN films were grown on [100], [1-10] and 

[110] mask stripe patterned GaAs (001) by metal organic vapour phase epitaxy 

(MOVPE). The selective area growth (SAG) and epitaxial lateral overgrowth (ELO) 

were methods to reduce dislocation density in the films. The growth morphologies of 

c-GaN films were investigated at growth times of 10 to 120 minutes by scanning 

electron microscopy (SEM). The nanostructured phase transformation between 

hexagonal and cubic structures was verified by micro-Raman scattering and high 

resolution X-ray diffraction (HRXRD) analysis methods. The hexagonal phase 

inclusion intensities in c-GaN films were confirmed by reciprocal space mapping 

modes in HRXRD. 

 

1.3 Expectations 

(i) Understanding growth morphologies in micro- and nano-scales of 

SAG/ELO cubic GaN films, when mask-stripe directions and growth times were 

varied. 

(ii) Optimizing growth conditions for c-GaN film with low h-GaN content. 
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1.4 Organizations of the Dissertation 

 This research focuses on characterizations of SAG/ELO c-GaN on GaAs (001) 

by MOVPE.  This dissertation is organized into five parts. In the first chapter, a brief 

history and introduction of GaN with some applications that GaN has potential to be 

fabricated as commercial products. The crystal structures of GaN which c-GaN 

structure is of interest to produce high speed devices. The problem of c-GaN structure 

is lack of suitable substrates of which among of them GaAs is the most suitable 

substrate for consideration.  

In the chapter II, the introduction of defect types is described including the 

defects that are usually found in c-GaN films such as misfit dislocations, threading 

dislocations, stacking faults and hexagonal phase inclusion. Some literature reviews 

SAG and ELO methods to reduce defects and control high cubic phase purity.  

The experiment setup for low pressure MOVPE growth system and the growth 

process to fabricate ELO c-GaN films on [100], [1-10] and [110] mask patterned 

GaAs (001) are described in chapter III. The experimental instruments to use as 

analysis method which are SEM, micro-Raman spectroscopy and HRXRD will be 

described with the operation mode for working.  

The results from SEM images, micro-Raman scattering on specific area and 

HRXRD operating modes are described in chapter IV with the discussions.  

Finally, chapter V is conclusion of this dissertation work. 



 

 

CHAPTER II 

ELO CUBIC GaN 

 Because c-GaN is metastable structure in nature, it is really difficult to growth 

high quality cubic phase GaN films. Many techniques have been used to control the 

cubic phase GaN with low hexagonal phase inclusion. There are, however, many 

parameters that can change cubic phase to hexagonal phase GaN. The five major 

parameters to be considered are substrates, buffer layers, selective area growth with 

dot or line patterns, mask fill factor and growth temperatures, are considered and 

described.  

 

2.1 GaAs Substrate 

 From chapter I, GaAs substrate is chosen among of various cubic structure 

substrates because the TEC mismatch has the nearest value to c-GaN structure 

although the lattice mismatch is large ~20%. In epitaxial growth process, there are 

three types of interfaces between layer and substrate which are coherent, semi-

coherent and incoherent interfaces. Coherent interface occurs when layer and 

substrate have perfect lattice matching such as AlAs on GaAs and InAs on GaAs 

(001). Semi-coherent interface occurs when layer and substrate have partial lattice 

matching of which the relative strain is less than 25%. If the relative strain is higher 

than 25%, it will be an incoherent interface which with no lattice matching at the 

interface. For c-GaN on GaAs (001), it is the semi-coherent interface which the 

dislocations appear due to the large lattice mismatch. 
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Figure 2.1: Misfit dislocation and threading dislocation lines in layer. 

  

 A misfit dislocation occurs by a missing atom in lattice position between layer 

and substrate which is called the edge dislocation, as shown in Fig. 2.1. Two 

threading dislocation lines are always generated at the end of one misfit dislocation 

line. The slip plane is the plane with the highest planar density of atoms which is 

specific for each crystal structure. In the case of c-GaN structure, the slip plane is 

{111}. For h-GaN structure slip plane are {0001}, {10-10} and {10-11}. 

 Due to the similarity between c-GaN (111) and h-GaN (0001), the planar 

defects such as staking fault and twin, are considered. The crystal structures of h-GaN 

and c-GaN, are shown in Fig. 2.2. The angle of top view between atoms of Ga and N 

in close-packed planes are 60 degrees for h-GaN structure on [0001] and 30 degrees 

for c-GaN structure on [111]. The yellow planes are referring to the close-packed 

crystal planes of h-GaN (0001) and c-GaN (111). The side view of both hexagonal 

and cubic GaN structure look nearly similar. 
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Figure 2.2: Top and side views of h-GaN [0001] and c-GaN [111]. 

 

In Fig. 2.3, the planar defects along [110] cross-sectional view is showed how 

to the stacking fault and twin defect are occurred. The c-GaN structure on [001] with 

{111} plane is shown in Fig. 2.3 (a) and h-GaN structure on [0001] with {0001} is 

shown in Fig. 2.3 (b). The stacking fault is occurred at the interface of c-GaN {111} 

plane and h-GaN {0001} plane while twin defect is occurred from c-GaN {111} plane 

change to h-GaN {0001} plane and come back to c-GaN with 60 degrees rotated of c-

GaN [001] structure, as shown in Fig. 2.3 (c). Normally, stacking faults will have 

appeared on the interface between c-GaN films and GaAs substrates with certain 

angle of {111} planar defects at 54.7 degrees. 
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Figure 2.3: Planar defect along to [110] cross-section (a) c-GaN on [001], (b) h-GaN 

on [0001] and (c) stacking fault and twin defect for c-GaN structure [14].      
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 To grow c-GaN, there are various directions of GaAs substrates such as GaAs 

(001), GaAs (111)A, GaAs (111)B or GaAs (311)A. All of them are interesting GaAs 

substrates to grow high cubic phase purity of c-GaN films. Because SFs always occur 

at (111) plane, Kuwano et al. [15] reported the formation of c-GaN on GaAs (111)B 

and investigated by TEM from electron diffraction (ED) patterns. The result showed 

that SFs propagated along (111) plane and c-GaN was found at the interface of GaAs 

(111)B because N atoms can diffuse through GaN and GaAs which indicate that c-

GaN and GaAs are almost unstrained. Hong et al. [16] reported c-GaN on GaAs 

(111)A and GaAs (111)B.  

Their results from HRTEM images and SAD pattern showed that c-GaN on 

GaAs (111)A had better interface than GaAs (111)B. The FWHM of XRD for c-GaN 

on GaAs (111)A and (111)B showed that c-GaN on (111)B GaAs had larger FWHM 

than (111)A GaAs which resulting more mosacity in the c-GaN film. 

 Sanorpim et al. [17] investigated c-GaN on GaAs (311)A. This considered 

avoiding SFs and structural phase transformation from (111) plane. The c-GaN films 

were grown on [311] direction. However, the mixing phase of hexagonal GaN was 

still generated at (111) plane of c-GaN. The result of hexagonal phase inclusion is less 

than 20% which is comparable to c-GaN on GaAs (001) that leads to c-GaN on GaAs 

(311)A. Furthermore, c-GaN films on GaAs (311)A also showed smoother interface 

between c-GaN film and GaAs (311)A substrate while c-GaN films on GaAs (001) 

substrate has voids area which caused from the thermal decomposition during the 

growth c-GaN film process, as shown in Fig 2.4.  
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Figure 2.4: Cross-sectional SEM images of c-GaN on (a) GaAs (001) and (b) GaAs 

(311)A  [17].   

 

2.2 Buffer Layer 

 The buffer layer is the important key structure to produce cubic phase GaN. 

There are many reasons to use a buffer layer to control cubic phase GaN such as 

reduced lattice mismatch between substrate and film, controlled cubic phase to grow 

at the interface, prevented thermal decomposition of substrate due to high temperature 

during the growth process of c-GaN films. The thickness of buffer layer is also 

important to make to the flat surface of c-GaN films. Cubic phase buffer layer is 

inserted to control cubic phase GaN films. There are various possible cubic phase 

buffer layers such as AlAs, AlN, AlGaAs, GaN.  

 However, AlAs buffer layer with nitridation process produced h-GaN which 

h-GaN (0001) // GaAs (001). The hexagonal phase GaN was generated at the interface 

of AlAs where XRD results cannot detect cubic phase GaN. Furthermore, the large 

lattice mismatch between h-GaN films and AlAs buffer layer cause a large misfit 

strain [18, 19]. While AlGaAs buffer layer with nitridation can create high c-GaN 
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films although h-GaN was generated at (111) facet during nitridation process [20]. 

The AlGaAs buffer layer was grown at 700 ºC on GaAs (001) and the growth process 

of c-GaN can be high at 960 ºC without thermal decomposition [21]. 

 As shown in Fig. 2.5, Wu et al. [22] reported that low temperature (LT) GaN 

buffer layer to protect GaAs substrate from thermal decomposition which the growth 

process of c-GaN on GaAs (100) can operate at high growth temperature as 980 ºC. 

LT-GaN buffer layer could improve crystal quality of c-GaN film which with FWHM 

of XRD compared to without buffer layer [16]. Shen et al. [23] reported that the 

thinner GaN buffer layer had the lower hexagonal phase inclusion in c-GaN films.  

 

 

Figure 2.5: Cross-sectional SEM images of c-GaN on GaAs (100) (a) without and (b) 

with LT-GaN buffer layer [22]. 
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If the GaN buffer is very thin, the surface of c-GaN films will be rough and the 

thermal decomposition. During the growth process of c-GaN films, high operating 

will occur destroys surface of GaAs substrate which lead to void area at the interface 

between c-GaN films and GaAs substrate. Sormunen et al. [24] reported the thickness 

8 nm of LT-GaN buffer layer at 600 ºC that could produce smooth surface c-GaN 

films on GaAs (100). 

 

2.3 Selective Area Growth (SAG) 

 Selective area growth is also a method to reduce dislocation density within 

windows or open width area. Because stacking faults (SFs) and threading dislocation 

lines (TDs) occur at the interface of film and substrate. There are two types which are 

dot and line patterns, as shown in Fig. 2.6.  

 

  

Figure 2.6: Top and side view of SAG c-GaN with a) dot and b) line patterns (green 

color - mask and orange color - windows or open width area). 
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2.3.1 Dot Pattern 

 Shen et al. [25] reported c-GaN grown on GaAs (001) with dot pattern 

template that the density of SFs was reduced to 6 x 10
8
 cm

-2
 compared with dot 

pattern template with SF density of 5 x 10
9
 cm

-2
. The SFs were blocked under SiO2 

mask layer, as shown in Fig. 2.7. 

Because of c-GaN on dot pattern were generated along [1-10] and [110] 

windows stripe, the c-GaN growth films have two different dominant facets 

generating which were (111)B and (111)A that had different morphologies of c-GaN 

films [26]. The SAG with line pattern is another method to reduce SF density in the c-

GaN generating from the two directions of dot pattern. By using SAG with line 

pattern, it was reducing mix GaN generating between (111)B and (111)A which 

reduced SFs in the c-GaN films. 

 

  

Figure 2.7: Schematic diagram of reduction mechanism of SFs during ELO of cubic 

GaN [25]. 
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2.3.2 Line Pattern 

 

Figure 2.8: Morphologies of SAG c-GaN films along to the [100], [1-10] and [110] 

mask stripe directions. 

 

 The facet lateral epitaxial lateral overgrowth (FACELO) depends on mask 

stripe directions. In Fig. 2.8, the growth morphologies of c-GaN along to the [100], 

[1-10] and [110] mask directions on GaAs (001) substrates [27-29]. The morphology 

of c-GaN on [100] mask pattern GaAs (001) showed unclear sidewall facet. The 

dominant (113) sidewall facets of c-GaN showed on [1-10] mask pattern GaAs (001) 

that was dominant cubic phase purity for this c-GaN plane facets. The dominant (111) 

sidewall facets of c-GaN showed on [110] mask pattern GaAs (001) which are related 

to (111) c-GaN // (10-11) h-GaN.  

 

2.4 Epitaxial Lateral Overgrowth (ELO) 

 Epitaxial lateral overgrowth (ELO) is the method that followed SAG method. 

Normally, the film grows with higher vertical growth rate than lateral growth rate at 

the beginning of growth process. The growth models of ELO c-GaN on [1-10] and 

[110] mask pattern GaAs (001) were shown on Fig 2.9. 
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Figure 2.9: Growth models of ELO c-GaN on (a) [1-10] and (b) [110] mask pattern 

GaAs (001) [28, 29].   

 

The lateral growth mechanism on mask area showed h-GaN structure for both 

mask patterns on GaAs (001). On [1-10] mask pattern, ELO c-GaN had (113) 

dominant sidewall facets and (111) sidewall at the edge of c-GaN stripe. When the c-

GaN stripes merged together, (111) sidewall facets which h-GaN as dominant 

structure were limited under (113) dominant sidewall facets which c-GaN as 

dominant structure. While on [110] mask pattern, (111) h-GaN sidewall facets were 

increasing for longer growth time and covered c-GaN structure on open width area.  

 

2.5 Mask Fill Factor 

 Mask fill factor (FF) is the length ratio of windows (W) or open width area to 

the period or mask area (M) and windows (W), as shown in Fig. 2.10. 
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Figure 2.10: Mask fill factor [M – mask area and W - windows or open width area]. 

 

 

Figure 2.11: Dependence of the hexagonal phase inclusion on the fill factor [30]. 

 

 Mask fill factor is an important parameter to control cubic phase GaN. There 

is not much reported about FF. The relationship of hexagonal phase inclusion and FF 

for c-GaN on [001], [0-11] and [011] mask pattern GaAs (001) were reported by 
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Sanorpim et al. [30]. The results showed that the hexagonal phase inclusion was 

increasing during FF 0.5 to 0.9 for [001] mask pattern GaAs (001). While [0-11] and 

[011] mask pattern GaAs (001), The hexagonal phase inclusion was decreasing during 

FF from 0.5 to 0.9, as shown in Figure 2.11. The FF between 0.7 and 0.8 had the 

lowest hexagonal phase inclusion for [1-10] and [110] mask pattern on GaAs (001). 

 

2.6 Growth Temperature 

 The growth temperature of c-GaN films is also the key parameters to control 

cubic phase GaN films. The crystal quality and hexagonal phase inclusion of each 

mask stripe directions depends on the growth temperature. Sanorpim et al. [27] 

reported the effect of growth temperature for SAG c-GaN on [011] and [001] mask 

stripe pattern GaAs (001). The growth morphologies of SAG c-GaN on [011] mask 

stripe pattern were changed to (811)B side wall facets at the top when growth 

temperature was increased more than 900 ºC, as shown in Fig 2.12. While the SAG c-

GaN on [001] mask stripe pattern had no different growth morphologies with 

increasing growth temperature from 900 to 960 ºC, the growth morphologies had 

unclear sidewall facets due to rough surface on the top and side. The FWHM in 

rocking curve mode and hexagonal phase inclusion were increased when the growth 

temperature was increasing. With SAG c-GaN on [001] mask stripe pattern on GaAs 

(001), the results of FWHM in rocking curve mode and hexagonal phase inclusion 

were decreased when the growth temperature was increased. The optimised suitable 

growth temperature was 900 ºC which SAG c-GaN on [011] mask stripe pattern GaAs 

(001) achieved the highest cubic phase purity GaN more than 85%. The growth 

temperature effect was also studied by ED patterns in TEM which showed SFs in c-
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GaN on GaAs (001) [31]. The h-GaN structure was clearly observed at the growth 

temperature more than 930 ºC while no diffraction from ED pattern was observed for 

h-GaN at growth temperature of 900 ºC. 

 

Figure 2.12: Growth features of SAG c-GaN on (a) [011] and (b) [001]-stripe pattern 

for different growth temperature [27]. 



 

 

CHAPTER III 

GROWTH PROCESS AND CHARACTERIZATION 

3.1 MOVPE Growth Process 

 SAG/ELO cubic GaN were grown by MOVPE on [100], [1-10] and [110] 

mask patterned GaAs (001) by MOVPE. The growth times were 10, 30, 60 and 120 

minutes. The descriptions of growth process and characterization methods were 

shown as follows. 

 

3.1.1 Mask Stripe Directions 

 

Figure 3.1: Mask pattern along [100], [1-10] and [110] directions on GaAs (001) 

substrate (green color - mask oxide and grey color - windows area). 
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 The mask stripe pattern on GaAs (001) along [100], [1-10] and [110] 

directions showed in Fig. 3.1. The red arrows indicate the directions of mask patterns 

and the blue point is [001] azimuth axes. The process was started from the 200 nm 

thick silicon dioxide which were deposited by RF sputtering. The [100], [1-10] and 

[110] mask stripe patterns were created by UV photolithography following with wet 

chemical etching. Growth evolution time of the ELO c-GaN films was studied for 

each mask stripe directions.  

 

3.1.2 ELO c-GaN Film Growth Process 

 

 

  Figure 3.2: The horizontal reactor of MOVPE system. 
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 The GaAs (001) substrate with oxide mask layer was loaded inside the 

horizontal reactor type of MOVPE system, as shown in Fig. 3.2. This MOVPE system 

was controlled by computer controller to adjust the precursor gases by controlling 

flow rate and pressure in the reactor. hydrogen (H2) was used as carrier gas was to 

flow precursor gas to horizontal reactor. Trimethylgallium (TMGa), 1-1-

dimethylhydrazine (DMhy) and tertiarybutylarsine (TBAs) were used as precursor gas 

sources for Ga, N and As, respectively. The vacuum pump was used to maintain gas 

pressure at 160 Torr. The radiofrequency (RF) coils were the heater to heat the reactor 

and the temperature were control by thermocouple which located under substrate.  

 The growth process with double buffer layers and c-GaN films were shown in 

Fig. 3.3. After the masked GaAs (001) substrate with mask patterns was loaded in 

horizontal reactor, double buffer layers consisted of GaAs and c-GaN were grown to 

reduce lattice mismatch, thermal decomposition and control cubic phase GaN at the 

interface between c-GaN films and GaAs (001) substrates. 

 

  

Figure 3.3: Growth temperature and growth time process of ELO c-GaN with double 

buffer layers. 
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 The growth temperature in reactor was increased from room temperature to 

650 ºC during 15 minutes to prepare the growth of GaAs buffer layer. GaAs buffer 

layer was grown at 650 ºC with V/III (As/Ga) ratio of 15 for 10 minutes which the 

thickness of GaAs buffer layer was 100 nm. After that the temperature was decreased 

to 575 ºC within 15 minutes to prepare the growth of c-GaN buffer layer. The c-GaN 

buffer layer was grown at low temperature of 575 ºC with V/III (N/Ga) ratio of 100 

for 2 minutes of which the thickness of LT-GaN buffer layer was 20 nm.  

The reason for using low temperature as 575 ºC to grow c-GaN buffer layer is 

because the thermal decomposition would damage the GaAs buffer layer and GaAs 

substrates. Then the growth temperature was kept steady at 575 ºC for 2 minutes 

before the growth temperature was increasing to 900 ºC with ramping time for 2 

minutes before the growth process of c-GaN films. The growth parameters of c-GaN 

films were V/III ratio of 25, growth operating temperature at 900 ºC, the growth time 

of 10, 30, 60 and 120 minutes and the pressure steady at 160 Torr. The growth 

temperature of 900 ºC was optimized to produce high cubic phase purity with smooth 

surface of the c-GaN films [14].  

 

3.1.3 Sample Structure 

 The total samples were four pieces for the growth time of 10, 30, 60 and 120 

minutes. The sample structure on GaAs (001) consisted of 200-nm thickness mask 

and double buffer layer of 100-nm thickness GaAs and 20-nm thickness LT-GaN with 

c-GaN films at the growth time of 10 to 120 minutes on window area, as shown in 

Fig. 3.4. 
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Figure 3.4: Sample structure of c-GaN on GaAs (001) with mask stripe pattern and 

double buffer layers of LT-GaN and GaAs. 

 

The thickness of c-GaN films at the growth time of 10 to 120 minutes were 

characterized by SEM. Each sample had three mask stripe directions which were 

[100], [1-10] and [110]. So, the total of samples for characterizations were twelve 

pieces. All of samples were grown at Onabe’s Laboratory, department of Advanced 

Material Science, The University of Tokyo.  

 

3.2 Characterization Techniques 

 All of samples were analyzed by SEM to study growth morphologies which 

depends on growth time evolution for each mask stripe directions. Then micro-Raman 

spectroscopy was used to indicate the specific spot area on c-GaN films to confirm the 

cubic and hexagonal GaN structures. HRXRD was used to verify cubic and hexagonal 

GaN structure, quality of the c-GaN films and hexagonal phase inclusion. 
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3.2.1 Scanning Electron Microscope (SEM) 

 

Figure 3.5: (a) Signal of incident electron beam to sample and (b) secondary electrons 

on different surface on sample. 

 

 The incident electron beam to the sample caused many signals, as shown in 

Fig. 3.5 (a). SEM images come from secondary electrons which depends on 

secondary electrons escape from the surface of sample. In Fig. 3.5 (b), the details of 

secondary electrons for different morphologies surface show that many electrons can 

escape from curve surface more than flat surface which only few electrons can escape. 

The contrast of secondary electrons at edges is called edge effect that can investigate 

surface morphology and surface topology of the films. 

 The SEM images were taken from JEOL JSM-7001F operated at acceleration 

voltage of 20 kV from The Scientific and Technology Research Equipment Center 

(STREC), Chulalongkorn University. The overview of surface topology was analyzed 

from plane view SEM images with magnifications of 2000 and 6000 times at the 

growth time of 10, 30, 60 and 12 minutes for [100], [1-10] and [110] mask stripe 
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directions. Their growth morphologies especially sidewall facets of c-GaN films were 

investigated by cross-sectional SEM images with magnifications of 2000 and 6000 

times. The thickness of the c-GaN films and the growth rate also find from cross-

sectional SEM images.  

 

3.2.2 Micro-Raman Scattering 

There are two possible ways of light scattering which are elastic and inelastic 

scattering. Rayleigh scattering or elastic scattering occurs the scattering photons have 

the same energy as incident photon (frequency and wavelength) while inelastic 

scattering are Stokes and anti-Stokes scattering, as shown in Fig. 3.6. 

 

 

Figure 3.6: Energy diagram of Rayleigh scattering, Stokes and anti-Stokes Raman 

scattering. 
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Table 3.1: Phonon modes in cubic and hexagonal GaN 

 

c-GaN/ 
on 

GaAs  

[32]  

3c-SiC/Si 

[33] 

GaAs 

[34] 

 GaAs  

[35] 

 GaAs  

[36] 

TO (cm
-

1) 
553 551 555 553 554 

LO (cm
-

1) 
739 735 741 740 739 

h-GaN/ 
on 

GaAs  

[32]  

3c-SiC/Si 

[33]  

GaAs  

[34] 

Sapphire 

[37] 

Sapphire 

[38] 

A1 (TO) 

(cm
-1) 

- 538 537 - 532 

E1 (TO) 

(cm
-1) 

- - 556 - 559 

E2 high 

(cm
-1) 

568 565 571 570 568 

A1 (LO) 

(cm
-1) 

733 - 737 735 734 

E1 (LO) 

(cm
-1) 

- - - - 741 

 

 The energy of incident photon is decreased because of energy transfer to 

vibrate in the atoms or crystal structures which called Raman shift (cm
-1

). Normally, 

Anti-Stokes is rarely measured due to less intensity than the Stokes. However, it is 

equivalent with Stokes for the vibration in crystal structures. The Raman shift is the 

unique value to detect crystal structures.  
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 The cubic phase and hexagonal phase for Stokes scattering is shown in Table 

3.1 which unique vibrational mode for each structures of c-GaN on GaAs and 3c-

SiC/Si and h-GaN on GaAs, sapphire and 3c-SiC/Si. Cubic phase GaN have phonon 

vibrational modes of longitudinal optical (LO) and transverse optical (TO) while 

hexagonal phase GaN have A1 (TO), E1 (TO), E2 high, A1 (LO) and E1 (LO) phonon 

vibrational modes.  

 Reinshaw Ramanscope RM1000 was an instrument to measure Raman Spectra 

operating by the Gem and Jewellery Institute of Thailand (Public Organization), 

Chulalongkorn University. The monochromatic high frequency light source of 514.5-

nm line of Ar+ ion laser was operating at room temperature. The micro-Raman 

scattering spectroscopy was used to detect cubic or hexagonal GaN phonon 

vibrational modes on specific area that spot size ~2 µm. The Raman spectra were 

measured in backscattering geometry. The range of wavenumber was 250-800 cm
-1

 

which covered GaAs TO and LO modes.  

 Since c-GaN films were grown on [100], [1-10] and [110] mask stripe pattern 

on GaAs (001), the growth morphologies for each mask stripe pattern had different 

shape and sidewall facets. The relationship of growth time evolution was investigated 

by the top and sidewall facets for various mask stripe directions. 

 

 

 

 

 



 

 

32 

3.2.3 High Resolution X-ray Diffraction (HRXRD) 

 

 

 

Figure 3.7: (a) Illustrated of HRXRD and (b) photo of Bruker-AXS Discover D8 in 

High resolution mode. 
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 HRXRD is an instrument to measure the epitaxial layer. The data information 

gives details of crystal structure, lattice constant, crystal orientation, mosaic and phase 

inclusion. HRXRD data were collected from Bruker-AXS D8 Discover with CuKα1 

beam source wavelength 1.5406 Å, at operating acceleration voltage 40 kV which is 

located at the Scientific and Technology Research Equipment Center (STREC), 

Chulalongkorn University. Bruker-AXS D8 Discover has four-crystal Ge (022) as 

channel-cut monochromator which Δω ~ 0.003º in front of X-ray source and two-

crystal Ge (022) as channel-cut analyzer which Δ2θ ~ 0.003º in front of detector, as 

shown in Fig 3.7. The monochromized beam is Δλ/λ = 0.0003 (Δλ - the spectral width 

of the X-ray beam) which any crystal can be measured. The basic of X-ray with 

Bragg’s law is shown in Fig. 3.8. 

 

    𝝀 = 𝟐𝒅𝒉𝒌𝒍 𝐬𝐢𝐧𝜽𝑩   (3.1) 

where dhkl is the lattice plane spacing (d-spacing) of the hkl plane, θB is the Bragg’s 

angle and λ is the wavelength of X-ray which is 1.5406 Å for CuKα1 beam source. 

 

 

Figure 3.8: X-ray with Bragg’s law. 
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The data of HRXRD for investigation were obtained from 2θ/ω-scan, rocking curve 

(ω-scan) and reciprocal space mapping modes. 

 

3.2.3.1 2θ/ω-scan mode 

 In 2θ/ω-scan mode, lattice plane spacing is measured. The range of 2θ/ω is 31 

to 41 degrees. The dominant peak of GaAs (002) and c-GaN (002) with small peaks 

or no peak of h-GaN (10-11) and h-GaN (0002) were observed. The normalized GaAs 

(002) peak for each mask stripe directions was investigated at the growth time of 10, 

30, 60 and 120 minutes. The FWHMs of Δ(2θ/ω), which shows the result of strain in 

the c-GaN films, were compared among different growth time and mask stripe 

directions. 

 

3.2.3.2 Rocking curve (ω-scan) mode 

 

Figure 3.9: Rocking curve mode (ω-scan) of c-GaN (002). 
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 The rocking curve mode (ω-scan) shows the mosaic of c-GaN, as shown in 

Fig. 3.9. The boarder peak of FWHM is refer to a lot of mosaics. The ω-scan of c-

GaN (002) were measured in the two directions which are X-ray incident beam 

perpendicular and parallel with mask stripe directions. The results of FWHM were 

compared by growth time, mask stripe directions and directions of X-ray beam with 

mask stripe patterns.   

 

3.2.3.3 Reciprocal space mapping (RSM) mode       

The reciprocal space mapping mode is the HRXRD scanning in 2θ/ω and ω. 

The defects in c-GaN films can be analysised from the board of c-GaN (002), show in 

Fig. 3.10 (a). Strain is broadening along (2θ/ω)-scan while tensile strain is broadening 

along ω-scan. There are two possible types of tensile strain which are mosaic and 

misfit. Mosaic is board area in curve along to ω-scan and misfit is board area at the 

straight direction of ω-scan. For symmetrical RSM of c-GaN (002), h-GaN {10-11} 

found at ω ~ 7º, as shown in Fig. 3.10 (b). 

 

The hexagonal phase inclusion was calculated from integrated intensities of c-GaN 

(002) and h-GaN {10-11} with X-ray incident beam perpendicular and parallel with 

mask stripe patterns.  
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Figure 3.10: Symmetrical RSM mode of c-GaN (002) on GaAs (a) type of defects and 

(b) hexagonal phase inclusion {10-11}. 
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Table 3.2: Theoretical calculation X-ray intensities of c-GaN (002) and h-GaN (10-

11) [39, 40].  

 

Structures Planes Degrees I (10
5
 cps) I/Ic (002) 

Cubic (002) 19.9 8.41 1.00 

Hexagonal (10-11) 18.4 8.97 1.07 

 

The theoretical integrated XRD intensities I are given by  

 

  𝑰 = 𝑰𝟎 × |𝑭(𝒉𝒌𝒍)|𝟐 × 𝑷 × 𝑽 × 𝑳𝑷 ×𝑵𝟐 × 𝒆−𝟐𝑴 (3.2) 

where Io, F(hkl), P, V, L, N and e
-2M

 are incident intensity, structure factor, 

multiplicity factor, volume, Lorentz polarization factor, a number of unit cell per unit 

volume and temperature, respectively. The results of theoretical calculation X-ray 

intensities are show in Table 3.2. 

 

The weight factor (α) of Ih-(10-11)/Ic-(002) was calculated from theoretical 

calculation X-ray intensities of c-GaN (002) and h-GaN (10-11) which are 1.07. 
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Figure 3.11: c-GaN on GaAs (001) with family plane of {111} [1-10] azimuth axes. 

 

The reason of measuring X-ray incident beam perpendicular and parallel directions 

with mask stripe patterns because of family plane of {111} like pyramid shape. The 

[1-10] and [110] azimuth axes of c-GaN on GaAs (001) have the hexagonal phase 

inclusion can generate at (111), (-1-11), (1-11) and (-111) plane. As shown in Fig. 

3.11, (111) and (-1-11) c-GaN on GaAs (001) with cross-sectional view of [1-10] 

azimuth axe show h-GaN structure on (-1-11) c-GaN plane.  

 

The hexagonal phase inclusion is calculated from the integrated X-ray intensities of h-

GaN (10-11) and c-GaN (002) as follow. 

 

𝑽𝒉 =
𝑰𝒉

𝑰𝟎−𝒉×|𝑭(𝒉𝒌𝒍)|𝒉
𝟐×𝑷𝒉×𝑳𝑷−𝒉×𝑵𝒉

𝟐×𝒆𝒉
−𝟐𝑴  (3.3) 

𝑽𝒉

𝑽𝒄
=

𝑰𝒉×𝑰𝟎−𝒄×|𝑭(𝒉𝒌𝒍)|𝒄
𝟐×𝑷𝒄×𝑳𝑷−𝒄×𝑵𝒄

𝟐×𝒆𝒄
−𝟐𝑴

𝑰𝒄×𝑰𝟎−𝒉×|𝑭(𝒉𝒌𝒍)|𝒉
𝟐×𝑷𝒉×𝑳𝑷−𝒉×𝑵𝒉

𝟐×𝒆𝒉
−𝟐𝑴          (3.4) 
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   %𝑽𝒉 =

𝑽𝒉
𝑽𝒄
⁄

𝟏+
𝑽𝒉

𝑽𝒄
⁄

× 𝟏𝟎𝟎%   (3.5)  

 %𝑽𝒉−𝑮𝒂𝑵 =
𝑰𝒉−𝑮𝒂𝑵(𝟏𝟎−𝟏𝟏)

𝑰𝒉−𝑮𝒂𝑵(𝟏𝟎−𝟏𝟏)+𝜶𝑰𝒄−𝑮𝒂𝑵(𝟎𝟎𝟐)
× 𝟏𝟎𝟎  (3.6)



 

 

CHAPTER IV 

EXPERIMENTAL RESULTS 

The experimental results are described with the instruments that collected the data. 

The images from optical microscope (OM) show overview of samples with [100], [1-

10] and [110] mask stripe directions. The SEM images were collected for plane view 

and cross-sectional view to observe the growth morphology and topology of 

SAG/ELO c-GaN films. Raman spectra from micro-Raman scattering microscopy 

show the Raman intensities related to cubic and hexagonal GaN structures. The 

results of HRXRD come from (2θ/ω)-scan, Δ(2θ/ω), ω-scan and reciprocal space 

mapping modes. 

 

4.1 Optical Image 

 

Figure 4.1: Multiple optical microscopy images of SAG/ELO c-GaN on GaAs (001) 

at growth time of 10 min (sample size 11.4 x 9.9 mm). 
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 As shown in Fig. 4.1, the combination of multiple OM images shows the 

overview of sample which red arrows indicate the mask stripe directions of [100], [1-

10] and [110] on GaAs (001) with the number of 1, 2 and 3, respectively. The azimuth 

axe is [001] direction which indicate in blue color.  

 The overall OM images with 500 times magnification for SAG/ELO c-GaN 

films along [100], [1-10] and [110] mask stripe directions GaAs (001), as shown in 

Fig. 4.2. On the [100] direction, shown in Fig. 4.2 (a-d), the SAG/ELO c-GaN films 

on window area have merged together on the mask area at the growth time more than 

60 minutes. The top surface appeared rough SAG/ELO c-GaN film.  

 In the case of [1-10] and [110] directions, as shown in Fig. 4.2 (e-l), the 

individual of SAG/ELO c-GaN stripe films have observed at the growth time of 10 to 

120 minutes which mean the SAG/ELO do not have the smooth flat facets on the top 

at the growth time of 120 minutes. The shape of SAG/ELO c-GaN films are different 

morphologies which see from the contrast colors. On the [1-10], the SAG/ELO c-GaN 

stripe films on windows area are clearly observed the rough sidewall facets at the 

growth time of 60 minutes. Then the smoother sidewall facets of SAG/ELO c-GaN 

films are observed at the growth time of 120 minutes. The shape of SAG/ELO c-GaN 

film seem to be the triangle shape because the top surface cannot observe.  

 On the [110] direction, the SAG/ELO c-GaN films on windows area appear 

the smooth flat surface at the growth time of 10 minutes and more rough surface with 

some cracks at growth time of 60 minutes. The top surface becomes smoother with 

lower cracks with the direction of the cracks perpendicular with mask stripe direction 

at the growth time of 120 minutes. 
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Figure 4.2: Optical microscope images (500x) of SAG/ELO c-GaN films on (a-d) 

[100], (e-h) [1-10] and (i-l) [110] mask pattern GaAs (001) at growth time of 10, 30, 

60 and 120 min. 
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4.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) images were collected from plane view 

and cross-sectional view. The plane view of SEM images shows the surface of 

SAG/ELO c-GaN films while cross-sectional view SEM images shows the detail of 

growth morphologies of SAG/ELO c-GaN films for each mask stripe directions.  

The plane view SEM images with 2000 times of magnification are shown in 

Fig. 4.3. On the [100] direction, the c-GaN films on window area are merged together 

at the growth time of 60 minutes with very rough surface and large crack sizes 

observed at the growth time of 120 minutes, i.e. similar results from OM images. On 

the [1-10] direction, shown in Fig. 4.3 (e-h), the rougher top surface is shown as 

growth time is increased from 10 to 60 minutes. However, the sidewall facets show 

smooth surface with little crack at the peak of c-GaN films at the growth time of 120 

minutes that mean the SAG/ELO c-GaN films become more uniform than at the grow 

time of 60 minutes. The smooth top surfaces are shown on [110] mask stripe direction 

with smooth sidewall facets, as shown in Fig. 4.3 (i-l). On the top of SAG/ELO c-

GaN films, the crack lines are observed at the growth time of 60 to 120 minutes.  

Cross-sectional view of SEM images with 2000 times of magnification of 

SAG/ELO c-GaN on GaAs (001) are shown in Fig. 4.4. The samples were cut to 

measure the thickness and the shape of SAG/ELO c-GaN films. The growth 

morphologies of SAG/ELO c-GaN on [100] mask stripe patterned show the top rough 

facet at (001) plane, as shown in Fig 4.4 (a-d). The SAG/ELO c-GaN films on 

windows area were merged together during the growth time of 30 to 60 minutes. The 

average thickness of SAG/ELO c-GaN film is increasing from ~1.8 µm at the growth 

time of 10 minutes to ~11 µm at the growth time of 120 minutes.   
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4.2.1 Plane View of SEM Images 

 

Figure 4.3: Plane view SEM images of SAG/ELO c-GaN on (a-d) [100], (e-h) [1-10] 

and (i-l) [110] mask pattern GaAs (001) at the growth time of 10 to 120 min. 
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4.2.2 Cross-sectional View of SEM Images 

 

Figure 4.4: Cross-sectional view SEM images of SAG/ELO c-GaN on (a-d) [100], (e-

h) [1-10] and (i-l) [110] mask pattern GaAs (001) at the growth time of 10 to 120 min. 
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 On the [1-10] mask direction, as shown in Fig. 4.4 (e-h). The average 

thickness of SAG/ELO is ~2.3 µm at the growth time of 10 minutes and SAG/ELO c-

GaN films have the (001) top rough facets and the dominant (113) sidewall facets 

with small (111) sidewall facets at the edge of SAG/ELO c-GaN stripe films. The 

(113) sidewall facets appear smooth facets with small (111) sidewall facet on the 

mask area at the growth time of 30 minutes, as shown in Fig. 4.4 (f). The shape of 

SAG/ELO c-GaN stripe film is the triangle shape with (113) sidewall facets and the 

highest thickness is ~9.7 µm, as shown in Fig. 4.5 (a). The angle between (001) facet 

and (113) facet around 25.24º.  

 The lateral growth rate is higher than vertical growth rate during at the growth 

time of 60 to 120 minutes which the thickness of the SAG/ELO c-GaN films on the 

mask area are increasing more than on the windows area.  The SAG/ELO c-GaN 

films have rough surface (113) sidewall facets at the growth time of 60 minutes while 

the smooth (113) sidewall facets are appeared at the growth time of 120 minutes. On 

the [110] direction, as shown in Fig 4.4 (i-l), SAG/ELO c-GaN films have nearly 

smooth surface on (001) plane with the average thicknesses is 1.4 and 3.5 µm at the 

growth time of 10 and 30 minutes, respectively. The trapezoidal shape is shown at the 

growth time of 30 minutes with (111) sidewall facet. The SAG/ELO c-GaN films are 

changed to triangle shape at the growth time of 60 minutes with (111) sidewall facet 

which the thickness is ~12 µm. At the growth time of 120 minutes, as shown in Fig. 

4.5 (b), SAG/ELO c-GaN films are clearly observed with smooth (111) sidewall 

facets with top flat (001) facet. The angle between (001) facet and (111) facet around 

54.73º. 
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Figure 4.5: Cross-sectional view of SEM images (x6000) of ELO c-GaN on GaAs 

(001) a) [1-10] at growth time of 30 min and b) [110] at growth time of 120 min. 

 

 In Table 4.1, the vertical growth rate show that the morphologies of SAG/ELO 

c-GaN on (001) plane has higher vertical growth rate than (111) and (113) planes. The 

SAG/ELO c-GaN on [100] mask stripe direction has the highest vertical growth rate 

during at the growth time of 30 to 60 minutes.  
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Table 4.1: The vertical growth rate of SAG/ELO c-GaN on [100], [1-10] and [110] 

mask patterned GaAs (001) 

 

Mask Pattern 

Growth Time 

0-10 min 10-30 min 30-60 min 60-120 min 

[100] 0.180 0.010 0.306 - 

[1-10] 0.230 0.165 0.113 0.043 

[110] 0.140 0.105 0.283 - 

 

4.3 Micro Raman Scattering Spectroscopy 

 The spotted areas of ~2 µm in size are shown in Fig. 4.6. The specific area on 

the top surface and sidewall facet of SAG/ELO c-GaN films for [100], [1-10] and 

[110] mask stripe directions at the growth time of 10 to 120 minutes are investigated 

to identify the cubic and hexagonal GaN structures from the phonon vibrational in TO 

and LO modes. Some of data do not appear on the Raman intensity graphs because of 

the Raman intensities of GaAs in TO and LO modes are not shown.  

 

Figure 4.6: Micro Raman spot size ~2 µm on the top and side facets of SAG/ELO c-

GaN films. 
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 The phonon vibrational modes of cubic and hexagonal GaN structures are 

shown in Fig. 4.7. The phonon mode of c-GaN structure has the dominant peak 

intensity at c-GaN (LO) with Raman shift at 738 cm
-1

 while the phonon modes of h-

GaN are shown at h-GaN A1 (TO), h-GaN E1 (TO) and h-GaN E2 (high) with Raman 

shift at 533, 558, 568 cm
-1

, in agreement [32]. 

 The Raman spectra graphs are normalized with GaAs (LO) and (TO) 

intensities, as shown in Fig. 4.8. Only the phonon vibrational mode of h-GaN A1 (TO) 

with Raman shift at 538 cm
-1

 for SAG/ELO c-GaN on the mask stripe pattern [1-10] 

GaAs (001) is different from the others. On the [100] direction, as shown in Fig. 4.8 

(a-b), the high intensity of h-GaN E2 (high) appears at the top facet while the sidewall 

facet, the h-GaN A1(TO) appears at higher than h-GaN E2 (high). The result of high 

Raman intensity of h-GaN is the structure of SAG/ELO c-GaN films which has the 

top rough surface with unclear sidewall facets. High intensity of c-GaN (LO) is 

observed on the [1-10] mask stripe direction especially at the (113) sidewall facet, as 

shown in Fig. 4.8 (d). The Raman intensity of c-GaN (LO) is higher than E2 (high) at 

the growth time of 60 minutes which the morphology of the (113) sidewall facets are 

rough surface from high lateral growth rate. Raman intensities at the top of c-GaN on 

[110] mask stripe direction, as shown in Fig. 4.8 (e), show high h-GaN E2 (high). The 

crack lines along to [110] mask stripe direction on the top surface have clearly 

appeared at the growth time of 120 minutes. These planes along crack lines might be 

the plane to generate cubic phase GaN. The (111) sidewall facet where is the 

hexagonal phase inclusion can generate. At the growth time of 120 minutes on the 

sidewall facet, the Raman intensity of c-GaN (LO) is very low compare with h-GaN 
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E2 (high). However, Raman spectra measured from the spot size area which does not 

give the information of the whole sample.  

 

 

Figure 4.7: Raman spectra on the top area of SAG/ELO c-GaN on [1-10] mask 

patterned GaAs (001) at growth time of 120 minutes.  
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Figure 4.8: Raman spectra of ELO c-GaN on GaAs (001) on the top and sidewall 

facets with different growth times and mask stripe directions.  
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4.4 High Resolution X-ray Diffraction 

 HRXRD was operated in 2θ/ω-scan, Δ(2θ/ω), rocking curve (ω-scan) and 

reciprocal space mapping (RSM) modes. 

 

4.4.1 2θ/ω-scan Profiles 

 HRXRD 2θ/ω-scan profiles of ELO c-GaN on GaAs (001) are measured in the 

range of 31 to 41 degrees. As shown in Fig. 4.9, the graphs are divided with mask 

stripe directions. The GaAs (002) X-ray intensities are normalized to compare the c-

GaN (002). The 2θ/ω-scan profiles of SAG/ELO c-GaN on [100] mask stripe 

direction shows small peaks of h-GaN (0002) 34.56º and h-GaN (10-11) 36.58º at the 

growth time of 60 and 120 minutes. The Normalized FWHM Δ(2θ/ω) profiles of c-

GaN (002) are 9.03, 6.66, 5.39 and 4.54 arcmin, respectively. When the growth time 

are increased, the FWHM Δ(2θ/ω) profiles of c-GaN (002) are decreased which 

means that the SAG/ELO c-GaN films are relaxation. The X-ray intensities of h-GaN 

(0002) and h-GaN (10-11) are clearly observed on the [1-10] mask stripe directions 

by comparing with others. The FWHM Δ(2θ/ω) profiles of c-GaN (002) are decreased 

from 12.15 to 5.25 arcmin at longer growth time of 10 to 120 minutes. On [100] mask 

stripe direction, the 2θ/ω-scan profiles of SAG/ELO c-GaN have not shown any X-ray 

intensities of h-GaN (0002) and h-GaN (10-11). At the growth time of 60 minutes, the 

FWHM Δ(2θ/ω) profile of c-GaN (002) is 4.92 arcmin which lower than 5.96 arcmin 

at the growth time of 120 minutes.  
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Figure 4.9: HRXRD 2θ/ω-scan profiles of SAG/ELO c-GaN on [100], [1-10] and 

[110] mask stripe patterned GaAs (001) and normalized FWHM Δ(2θ/ω) profiles of c-

GaN (002). 
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4.4.2 Rocking Curve 

 The crystal orientation of c-GaN (002) is measured with X-ray incident beam 

direction perpendicular and parallel to the mask stripe directions. The quality of the 

films depends on the mosaic in the c-GaN films, which is measured by FWHM of X-

ray rocking curve. It is known that the narrower FWHM show better quality. 

 In Fig. 4.10, the FWHM is decreased during at the growth time of 10 minutes 

to 30 minutes which is the vertical growth rate higher than lateral growth rate. The 

FWHM is also decreased during at the growth time of 60 to 120 minutes which the 

lateral growth rate higher than vertical growth rate. While at the growth time of 30 to 

60 minutes, the FWHM are increased except FWHM of [1-10] with X-ray incident 

beam perpendicular direction.   

 The ω-scan profiles of c-GaN (002) with incident X-ray beam perpendicular 

and parallel are shown in Fig. 4.11. At the growth time of 30 minutes, the high 

vertical growth rate shows lower FWHM of c-GaN (002) than the lower vertical 

growth rate at the growth time of 10 minutes. While at the growth time of 120 

minutes, the lower lateral growth rate shows better result of FWHM of c-GaN (002) 

than the higher lateral growth rate at the growth time of 60 minutes. During the 

growth time of 30 to 60 minutes, the FWHM of c-GaN (002) are increased due to the 

changing from major direction of the growth rate of vertical and lateral. 

 The previous experiment was reported FWHM around 31 arcmin with the high 

cubic phase purity more than 85% for SAG c-GaN on GaAs (100) by MOVPE [26].  

Our results of FWHM of SAG/ELO c-GaN on GaAs (001) have lower 27 arcmin. 
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Figure 4.10: HRXRD c-GaN (002) ω-scan profiles of incident X-ray directions 

perpendicular and parallel with [100], [1-10] and [110] mask stripe directions. 
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Figure 4.11: ω-scan profiles of incident X-ray perpendicular and parallel to [100], [1-

10] and [110] mask stripe directions at growth time of 10 to 120 min. 
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4.4.3 Reciprocal Space Mapping 

 Symmetrical RSM of c-GaN (002) has the highest intensity c-GaN (002) 

around 40º and h-GaN {10-11} has found at Δω around -7 and 7º. For each mask 

stripe direction, the X-ray intensities of c-GaN (002) were normalized with the same 

growth time for incident X-ray beam direction perpendicular and parallel with mask 

stripe pattern. As shown in Fig. 4.12, the lowest integrated X-ray intensities of 

hexagonal phase inclusion (Vh) has 17.5% at the growth time of 30 minutes, which h-

GaN {10-11} have the lowest X-ray intensities compare with other growth times. The 

hexagonal phase inclusion has the highest 58.8% at the growth time of 120 minutes.  

 The X-ray intensities of h-GaN {10-11} have higher than c-GaN (002) at the 

growth time of 10 and 20 minutes for ELO c-GaN on [1-10] mask stripe directions 

which the integrated X-ray intensities of hexagonal phase inclusion are higher than 

80%, as shown in Fig. 4.13.  Although, X-ray intensities of h-GaN {10-11} are low at 

the growth time of 60 minutes with X-ray incident beam parallel direction and 120 

minutes with X-ray incident beam perpendicular with [1-10] mask stripe direction, but 

the hexagonal phase inclusion still more than 50%.   

 The X-ray incident beam direction perpendicular to [110] mask stripe 

direction shows the higher h-GaN {10-11} intensities than X-ray beam direction 

parallel to [110] mask stripe direction for all growth time, as shown in Fig. 4.14. At 

the growth time of 60 minute that the h-GaN {10-11} have higher X-ray intensities 

than c-GaN (002) which the hexagonal phase inclusion is 91.2%. The lowest 

hexagonal phase inclusion is 2.6% which nearly no X-ray intensities of h-GaN {10-

11} at the growth time of 30 minutes. 
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Figure 4.12: Symmetrical RSMs of c-GaN (002) for [100] mask stripe pattern with 

normalized c-GaN (002) individual growth times. 



 

 

59 

 

Figure 4.13: Symmetrical RSMs of c-GaN (002) for [1-10] mask stripe pattern with 

normalized c-GaN (002) individual growth times. 
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Figure 4.14: Symmetrical RSMs of c-GaN (002) for [110] mask stripe pattern with 

normalized c-GaN (002) individual growth times. 
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Table 4.2: The growth time with the integrated intensities of hexagonal phase 

inclusion. 

  
Growth 

Time 

2θ of c-GaN 

(002) 

Lattice 

Constant 

c-GaN 

Strain (%) 

 Δa/a 

%Vh 

(error ~1%) 

[100] 

10 40.015 4.503 0.005 45.3 

30 40.010 4.503 -0.007 17.5 

60 40.033 4.501 0.048 33.2 

120 40.028 4.501 0.036 58.8 

[1-10] 

10 39.988 4.506 -0.060 80.5 

30 39.996 4.505 -0.041 85.4 

60 40.014 4.503 0.002 59.3 

120 39.999 4.505 -0.034 57.0 

[110] 

10 40.021 4.502 0.019 49.7 

30 40.017 4.503 0.009 2.6 

60 40.025 4.502 0.029 91.2 

120 40.018 4.502 0.012 15.4 

  

 In Table 4.2, the strain which are calculated from 2θ of c-GaN (002) from 

2θ/ω-scan mode and the summarize of the integrated X-ray intensities of hexagonal 

phase inclusion. The strain in ELO c-GaN is calculated from 2θ/ω-scan at the 2θ of c-

GaN (002) position. The strain has positive value is compressive strain while negative 

is tensile strain. 
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 SAG/ELO c-GaN on [100] mask stripe pattern GaAs (001) has the lowest 

hexagonal phase inclusion at the growth time of 30 minutes. The SEM image, as 

shown in Fig. 4.4 (b), show that the SAG/ELO c-GaN stripe films are grown on 

windows area without merging on the mask area. While the SAG/ELO c-GaN films 

are merge on the mask area, the hexagonal phase inclusion is increasing from 33.2% 

to 58.8% at growth time of 60 and 120 minutes, respectively. The result of SEM 

images shows the top rough surface which is not good to do the continue process for 

applications. 

 On the [1-10] mask stripe direction, the hexagonal phase inclusion is reduced 

from ~80% to ~50% at the growth time of 10 to 120 minutes. The reducing of 

hexagonal phase inclusion because the (111) sidewall facets at the edge of c-GaN 

stripe films are limited on the mask area under dominated (113) sidewall facets, as 

shown in Fig. 4.4 (g-h). The (113) sidewall facets are the plane that c-GaN structure is 

dominated. The Raman spectra also confirm that (113) sidewall facet is the plane that 

has c-GaN structure higher than h-GaN structure, as shown in Fig. 4.15 (a). The 

Raman intensities ratio of c-GaN (LO) to c-GaN (LO) with h-GaN E2 high are shown 

at the growth time of 10 to 120 minutes, as shown in Fig. 4.15 (b). The highest 

intensities appear at growth time of 30 minute which (111) sidewall facets can be 

observe at the edge of c-GaN stripes.  

 On the [110] mask stripe direction, the lowest hexagonal phase inclusion is 

2.6% at the growth time of 30 minutes. From SEM images, the SAG/ELO c-GaN 

films has the top flat facet with (111) sidewall facet, as shown in Fig. 4.4 (j). The 

integrated X-ray intensities of h-GaN {10-11} has the highest value at the growth 

time of 60 minutes which the growth morphologies from SEM images show triangle 
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shape with (111) sidewall facet, as shown in Fig. 4.4 (k). From the growth 

morphologies and hexagonal phase inclusion on [110] mask stripe direction, the high 

cubic phase GaN is related to (001) flat facet on the top of SAG/ELO c-GaN films, as 

shown in Fig. 4.16 (b).   

 

 

Figure 4.15: (a) Raman spectra of c-GaN stripe on the top and sidewall facets and (b) 

Integrated Raman intensities ratio of c-GaN (LO) to c-GaN (LO) with h-GaN E2 high. 

 

Figure 4.16: Morphologies of ELO c-GaN on [110] mask stripe pattern GaAs (001) 

(a) with h-GaN dominant and (b) with c-GaN dominan. 



 

 

CHAPTER V 

CONCLUSIONS 

 High quality cubic phase GaN films were grown by selective area growth and 

epitaxial lateral overgrown methods. The c-GaN films were grown on [100], [1-10] 

and [110] mask stripe patterned GaAs (001) substrates by metalorganic vapor phase 

epitaxy. Double buffer layers of GaAs and low temperature GaN were grown before 

c-GaN films. The growth temperature of c-GaN was 900 ºC with steady pressure of 

160 Torr in horizontal reactor to obtain high cubic phase purity. In this dissertation, 

the c-GaN films were grown at the growth time of 10, 30, 60 and 120 minutes to 

observe growth morphologies and crystal phase transformation from the growth time 

evolution. 

 Summary of the growth time evolution is as follows;  

(i) The [100] mask stripe direction: The SEM images showed that the ELO c-

GaN films were merged together on mask oxide at the growth time of 30 minutes with 

no sidewall facets. The rough surface appears with large cracks. The larger cracks 

were observed on the surface. The result of Raman spectra shows high intensities of 

h-GaN E2 (high) on the top surface and A1 (TO) sidewall facets. The hexagonal 

phase inclusion was increased with increasing growth time after the ELO c-GaN films 

were merged. 

(ii) The [1-10] mask stripe direction: The ELO c-GaN films had (113) sidewall 

facets with small (111) sidewall facets at the edges of the ELO c-GaN Stripe films. 

The large amount of hexagonal phase inclusion was observed at the growth times of 
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10 and 30 minutes where the (111) sidewall facets are clearly observed. While at the 

growth times of 60 and 120 minutes, the hexagonal phase inclusion decreased which 

was related to (111) sidewall facet is limited under (113) sidewall facets. The Raman 

spectra showed high c-GaN (LO) at the (113) sidewall facet. However, the hexagonal 

phase inclusion was still higher value than other mask stripe directions. Although the 

hexagonal phase inclusion is decreased at the longer growth time. This was resulted 

from mask fill factor which was not suitable to grow ELO c-GaN films. 

(iii) The [110] mask stripe direction: The (111) sidewall facets were clearly 

observed at the growth times of 30 to 120 minutes. The lowest hexagonal phase 

inclusion is 2.6% when the (111) sidewall facets were generated at the growth time of 

30 minutes. The mask fill factor is also an important factor especially on this mask 

stripe direction. The mask fill factor 0.76 was found to be the most suitable value to 

grow high cubic phase purity of ELO GaN on GaAs (001). 

 From our result, the high cubic phase purity of ELO GaN films on GaAs (001) 

could be obtained on both the [1-10] and [110] mask stripe directions. For ELO c-

GaN with [110] mask stripe direction, the cubic phase is remained when the (001) 

surface is kept during the growth. On the other hand, for [1-10] mask stripe direction, 

cubic pahse is dominanat, when the (113) surface is stable. 
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APPENDIX A 

LIST OF ACRONYMS 

 

  GaN   Gallium Nitride 

  AlN   Aluminium Nitride   

  InN   Indium Nitride    

LDs   Laser diodes  

  LEDs   Light-emitting diodes 

  MQW   Multiple-quantum well    

BD   Blu-ray Disc 

  GaP   Gallium Phosphide   

  WLEDs  White light-emitting diodes 

  RGB   Red-Green-Blue 

  UV   Ultraviolet    

MOCVD  Metal organic vapour phase deposition 

LEEBI   Low-Energy Electron-Beam Irradiation 

  QW   Quantum Well 

  VB   Valance Band 

  CB   Conduction Band 

  QCSE   Quantum Confined Stark Effect 

  GaAs   Gallium Arsenide 

  TEC   Thermal Expansion Coefficient 
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  3C-SiC  Zincblende Silicon Carbide 

  MOVPE  Metal Organic Vapor Phase Epitaxy  

  SAG   Selective-area growth 

  ELO   Epitaxial lateral overgrowth 

  SEM   Scanning Electron Microscopy  

  HRXRD  High Resolution X-ray Diffraction  

  TDs   Threading Dislocations 

SFs   Stacking Faults 

  ED   Electron Diffraction 

TEM   Transmission Electron Microscopy 

  SAD   Selected Area Diffraction   

  FWHM  Full-Width at Half Maximum 

  LT    Low Temperature  

FACELO  Facet Lateral Epitaxial Lateral Overgrowth 

FF   Mask Fill Factor    

TMGa   Trimethylgallium   

  DMhy   1-1-demethylhydrazine   

  TBAs   Tertiarybutylarsine    

RF   Radio Frequency 

LO   Longitudinal Optical mode 

  TO   Transverse Optical mode 
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