
 

Polarization Engineering in GaN-based Light-Emitting Diodes 
 

by 

Won Seok Lee 

A Thesis Submitted to the Graduate 

Faculty of Rensselaer Polytechnic Institute 

in Partial Fulfillment of  the 

Requirements for the degree of 

DOCTOR OF PHILOSOPHY 

Major Subject: Engineering Science Program 

 

 
 
Approved by the  
Examining Committee: 
 

_________________________________________ 
Prof. E. Fred Schubert, Thesis Adviser 

 

_________________________________________ 
Prof. Richard W. Siegel, Member 

 

_________________________________________ 
Prof. Partha S. Dutta, Member 

 

_________________________________________ 
Prof. Peter D. Persans, Member 

 

 

 

 

Rensselaer Polytechnic Institute 
Troy, New York 

February 2011 
(For Graduation May 2011)   



 

 ii

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2011 

by 

Won Seok Lee 

All Rights Reserved 



 

 iii

CONTENTS 

LIST OF TABLES ............................................................................................................ vi 

LIST OF FIGURES ......................................................................................................... vii 

LIST OF ACRONYMS .................................................................................................... xi 

BIOGRAPHY .................................................................................................................. xii 

ACKNOWLEDGMENT ............................................................................................... xiiii 

DEDICATION ................................................................................................................ xiv 

ABSTRACT .................................................................................................................. xvii 

LIST OF PUBLICATIONS OF WON SEOK LEE AUTHORED WHILE AT RPI ..... xvi 

1. Introduction .................................................................................................................. 1 

1.1 Electromagnetic spectrum of the optical region ................................................. 1 

1.2 Radiative transitions ........................................................................................... 2 

1.3 Light-emitting diodes .......................................................................................... 3 

1.4 Materials for solid-state lighting ......................................................................... 4 

1.5 Properties of group III-nitride semiconductors ................................................... 6 

1.6 Applications of group III-nitride semiconductors .............................................. 7 

2. Polarization effect in group III-nitride semiconductors ............................................... 9 

2.1 Crystal structure of group III-nitride semiconductors ........................................ 9 

2.2 Polarization effect in group III-nitride semiconductors .................................... 10 

2.3 Origin of quantum-confined Stark effect in group III-nitride 
semiconductors ................................................................................................. 12 

2.4 Influence of quantum-confined Stark effect on optical and electrical 
properties of GaInN/GaN multiple quantum well active region ...................... 13 

2.4.1 Bandgap narrowing in quantum wells .................................................. 13 

2.4.2 Blueshift of photoluminescence peak wavelength with increasing 
excitation power .................................................................................... 13 

2.4.3 Blueshift of electroluminescence peak wavelength with 
increasing injection current ................................................................... 14 

2.5 Control of quantum-confined Stark effect ........................................................ 14 



 

 iv

2.5.1 Doping in active region ........................................................................ 14 

2.5.2 Nonpolar epitaxial structures ................................................................ 14 

2.5.3 Strain engineering ................................................................................. 16 

2.5.4 Cubic III-N structures ........................................................................... 17 

3. Efficiency droop in GaN-based light-emitting diodes ............................................... 18 

3.1 Efficiency of light-emitting diodes ................................................................... 18 

3.2 Efficiency droop ............................................................................................... 18 

3.3 Proposed mechanisms causing efficiency droop .............................................. 19 

3.3.1 Joule heating ......................................................................................... 19 

3.3.2 Carrier delocalization ............................................................................ 19 

3.3.3 Auger recombination ............................................................................ 20 

3.3.4 Poor hole injection efficiency ............................................................... 21 

3.3.5 Polarization effect ................................................................................. 22 

4. Polarization engineering of GaN-based light-emitting diodes .................................. 25 

4.1 Design of the polarization-matched light-emitting diodes ............................... 25 

4.2 Challenges in growth of the polarization-matched light-emitting diode .......... 27 

4.3 Growth and fabrication of partially polarization-matched light-emitting 
diodes ................................................................................................................ 27 

4.4 Characterization of partially polarization-matched light-emitting diodes ........ 29 

4.5 Conclusions ....................................................................................................... 38 

5. Dislocation in GaN-based materials and devices ...................................................... 40 

5.1 High dislocation density in GaN-based materials ............................................ 40 

5.2 Techniques to reduce the dislocation density ................................................... 42 

5.3 Reported relationships between dislocation density and performance of 
light-emitting diodes ......................................................................................... 44 

6. Effect of strain and dislocation density in templates on efficiency of GaInN-
based light-emitting diodes ........................................................................................ 46 

6.1 Threading dislocation density and polarization fields in GaInN-based 
light-emitting diodes ......................................................................................... 46 



 

 v

6.2 Information on AlN buffer layers ..................................................................... 47 

6.3 Growth and fabrication of light-emitting diodes grown various templates ...... 48 

6.4 Characterization of light-emitting diodes grown on various templates ............ 49 

6.4.1 Growth of GaN layers on various buffers ............................................. 49 

6.4.2 Simulation results for LEDs grown on various templates .................... 51 

6.4.3 Spectral shifts of LEDs grown on various templates ............................ 55 

6.4.4 Structural properties of templates grown on various buffers ................ 56 

6.4.5 Light-output power and external quantum efficiency of LEDs 
grown on various templates .................................................................. 58 

6.5 Conclusions ....................................................................................................... 60 

7. Summary and future work ......................................................................................... 61 

7.1 Summary ........................................................................................................... 61 

7.2 Future work ....................................................................................................... 62 

REFERENCES ................................................................................................................ 64 

APPENDIX A.1: Investigation of variation of LED performance from on-wafer 
measurement  ..................................................................................... 72 

APPENDIX A.2: Optical power measurement for on-wafer LEDs ............................... 75 

APPENDIX A.3: Calculation of dislocation density from x-ray diffraction 
linewidth  ........................................................................................... 78 



 

 vi

LIST OF TABLES 

Table 1.4.1: Common III-V materials used to produce LEDs and their emission 
wavelengths ............................................................................................... 5 

Table 2.5.1: Miller indices and polarities of important planes in wurtzite GaN ......... 16 

Table 3.3.1: Reported Auger coefficients obtained theoretically and 
experimentally ......................................................................................... 21 

Table 4.4.1: Parameters used in APSYS simulation .................................................... 29 

Table 5.1.1: Material properties of GaN, AlN, Si, SiC, and sapphire ......................... 41 

Table 6.2.1: Measured thicknesses by SEM and ellipsometry for the deposited 
AlN buffer layers on sapphire substrates. Refractive indexes at 
450 nm for the AlN buffer layers are also shown .................................... 48 

Table 6.4.1: Measured X-ray diffraction (002) and (102) full-width at half-
maximums, calculated screw and edge type dislocation densities, 
and atomic force microscopy dark-pit density obtained from 
different templates ................................................................................... 58 

 

 



 

 vii

LIST OF FIGURES 

Figure 1.1.1: Chart of electromagnetic spectrum from the UV region to the IR 
region ......................................................................................................... 1 

Figure 1.2.1: The three transition processes between two energy levels. EI and 
EII are the energy states of an atom. Black dots indicate the 
electrons. The initial state is at the left; the final state, after the 
transition, is at the right; (a) absorption (b) spontaneous emission 
(c) stimulated emission .............................................................................. 2 

Figure 1.4.1: Semiconductors of interest for LEDs. Figure includes relative 
response of the human eye ......................................................................... 4 

Figure 1.5.1: Energy bandgap versus lattice constant of group III-nitride 
semiconductors .......................................................................................... 6 

Figure 2.1.1: (a) Zinc-blende structure and (b) wurtzite structure .................................. 9 

Figure 2.2.1: Surface charges and direction of internal electric field and 
polarization field for spontaneous and piezoelectric polarization in 
III-nitrides for Ga- and N-face orientation .............................................. 11 

Figure 2.2.2: Magnitude and direction of spontaneous and piezoelectric 
polarization in GaInN and AlGaN grown pseudomorphically on 
relaxed GaN. Relaxed GaN has a spontaneous polarization, but no 
piezoelectric polarization. ........................................................................ 11 

Figure 2.3.1: Electronic band structure of quantum well (a) without polarization 
fields and (b) with polarization fields ...................................................... 12 

Figure 2.5.1: Crystal structure and axes of unit cell including several important 
planes of the wurtzite structure ................................................................ 15 

Figure 2.5.2: Top view of a- and m-planes of wurtzite GaN ........................................ 16 

Figure 3.2.1: Efficiency curves of typical UV, blue, and green LEDs ......................... 19 

Figure 3.3.1: Cross-sectional TEM image of the LD wafer consisting of 10 
periods of GaInN/GaN MQW. Distinct dark spots are considered 
to correspond to the replica of In-rich regions of the compositional 
inhomogeneity. ........................................................................................ 20 

Figure 3.3.2: Schematic view of LED heterostructure with GaInN quantum well 
in the active area and AlGaN emitter (a) conventional and (b) 
inverse structure ....................................................................................... 22 

Figure 3.3.3: Calculated band diagram of typical GaInN/GaN LED as well as 
polarization-matched GaInN/AlGaInN LED under a forward-bias 
condition .................................................................................................. 23 



 

 viii

Figure 3.3.4: Calculated IQE and leakage current ratio of typical reference 
GaInN/GaN MQW LEDs and polarization-matched LEDs .................... 24 

Figure 4.1.1: Calculated bandgap (dashed-line contours) and total polarization 
charge (solid-line contours) of AlGaInN as a function of Al and In 
composition .............................................................................................. 26 

Figure 4.1.2: Simulation results on efficiency droop of blue LEDs with 
quaternary QBs (QB1 ~ QB4) and a ternary QB (QB5), as well as 
a reference LED with GaInN/GaN MQW LED ...................................... 26 

Figure 4.3.1: Schematic epitaxial structures of (a) GaInN/GaInN MQW LED 
and (b) GaInN/GaN MQW LED ............................................................. 28 

Figure 4.4.1: Calculated energy band diagrams of (a) the GaInN/GaInN MQW 
LED and (b) the GaInN/GaN MQW LED under a forward bias ............. 31 

Figure 4.4.2: Calculated electric fields in the last QW layer of the GaInN/GaInN 
MQW LED and GaInN/GaN MQW LED structures as a function 
of the injected forward current ................................................................ 32 

Figure 4.4.3: (a) Measured and (b) simulated XRD ω-2θ scans using triple-axis 
optics on blue LED structures with GaInN/GaInN and GaInN/GaN 
MQW ....................................................................................................... 33 

Figure 4.4.4: Measured I-V characteristics of the blue LEDs with GaInN/GaInN 
and GaInN/GaN MQWs .......................................................................... 34 

Figure 4.4.5: AFM images of (a) GaInN/GaInN MQW and (b) GaInN/GaN 
MQW structures with scan area of 2 × 2 µm2. The structures were 
grown up to the last QB without EBL and p-type layers ......................... 35 

Figure 4.4.6: Reverse current versus reverse voltage curve of GaInN/GaInN 
MQW LED and GaInN/GaN MQW LED ............................................... 36 

Figure 4.4.7: Measured peak wavelength versus forward current from 300 K 
electroluminescence measurement for blue LEDs with 
GaInN/GaInN and GaInN/GaN MQW active region .............................. 37 

Figure 4.4.8: (a) Measured light-output power and (b) normalized external 
quantum efficiency of the GaInN/GaInN MQW LED and 
GaInN/GaN MQW LED as function of forward current ......................... 38 

Figure 5.1.1: Unit cell of GaN and Burgers vectors of the three types of TDs: “a 
type”, edge (with Burgers vector 1/3 11−20); “c type”, screw 
(with Burgers vector 0001) and “a + c type”, mixed (with 
Burgers vector 1/3 11−23) .................................................................... 42 

Figure 5.2.1: Schematic diagram of GaN epitaxial layer grown on sapphire 
substrate by involving low-temperature nucleation layer ........................ 43 



 

 ix

Figure 5.2.2: Schematic representation of the different stages of LEO; 
(a) GaN/sapphire template; (b) with mask; (c) localized epitaxy 
and lateral epitaxial overgrowth. TDs continue to propagate not 
laterally, but, vertically; (d) flat GaN surface after coalescence 
between the laterally overgrown GaN layers. Black lines represent 
dislocations. ............................................................................................. 44 

Figure 5.3.1: Dependence of LED efficiency on dislocation density for devices 
made with a wide range of group III-V materials .................................... 45 

Figure 6.3.1: Schematic epitaxial structure of GaInN-based LED. We call the Si-
doped GaN layer including undoped GaN, buffer, and sapphire 
substrate “template” ................................................................................. 49 

Figure 6.4.1: MOVPE In-situ reflectance and surface temperature traces of (a) 
undoped GaN layer grown on AlN buffer 2 and (b) undoped GaN 
layer grown on GaN buffer ...................................................................... 50 

Figure 6.4.2: E2 (high) mode Raman spectra of templates with various buffers 
measured with a 532 nm laser-line excitation ......................................... 51 

Figure 6.4.3: Relation between the template composition and the calculated 
polarization sheet charge densities at the interface between 
Ga0.80In0.20N QW and GaN QB and between GaN spacer and 
Al0.13Ga0.87N EBL. The active-region (including the EBL) layers 
are grown pseudomorphically on the templates and the templates 
are assumed to be relaxed ........................................................................ 52 

Figure 6.4.4: Calculated energy band diagram of LEDs grown 
pseudomorphically on various templates. The LEDs are under 
forward bias. The insets on the right-hand side show the 
conduction band diagram at the interface between QB and QW and 
at the interface between GaN spacer and Al0.13Ga0.87N EBL .................. 54 

Figure 6.4.5: Measured peak emission wavelength versus forward current 
obtained from a 300 K electroluminescence measurement of blue 
GaInN/GaN LEDs grown on various templates ...................................... 55 

Figure 6.4.6: Measured X-ray diffraction ω-2θ scans using triple-axis optics on 
blue LED structures grown on three different templates. Peaks 
from the AlN buffers are shown at 2300 arcsec for LEDs grown on 
templates with AlN buffers ...................................................................... 56 

Figure 6.4.7: Symmetric and asymmetric X-ray diffraction peaks obtained from 
ω-scan of (002) and (102) reflections for the various templates ............. 57 

Figure 6.4.8: AFM images of three different templates. The scan area is 
2 × 2 µm2 ................................................................................................. 58 



 

 x

Figure 6.4.9: (a) Measured light-output power and (b) normalized external 
quantum efficiency as function of forward current of blue LEDs 
grown on various templates ..................................................................... 59 

 



 

 xi

LIST OF ACRONYMS 

AFM ....................................................................................................... Atomic Force Microscopy 

CD  ............................................................................................................................. Compact Disk 

DC  ............................................................................................................................. Direct Current 

DH  ............................................................................................................. Double-Heterostructure 

DVD ................................................................................................................... Digital Video Disk 

EBL ............................................................................................................ Electron Blocking Layer 

EL  ................................................................................................................... Electroluminescence 

EQE ................................................................................................... External Quantum Efficiency 

FWHM .............................................................................................. Full-Width at Half-Maximum 

HVPE ................................................................................................ Hydride Vapor Phase Epitaxy 

I-V  .......................................................................................................................... Current-Voltage 

IQE ..................................................................................................... Internal Quantum Efficiency 

IR  ....................................................................................................................................... Infrared 

LD  ................................................................................................................................ Laser Diode 

LED ............................................................................................................... Light-Emitting Diode 

LEO ................................................................................................... Lateral Epitaxial Overgrowth 

LOP ................................................................................................................... Light-Output Power 

LT  ....................................................................................................................... Low-Temperature 

MBE ......................................................................................................... Molecular Beam Epitaxy 

MOVPE .................................................................................. Metal-Organic Vapor Phase Epitaxy 

MQW .......................................................................................................... Multiple Quantum Well 

NL  ........................................................................................................................ Nucleation Layer 

PECVD ................................................................... Plasma Enhanced Chemical Vapor Deposition 

PL  ..................................................................................................................... Photoluminescence 

QCSE ............................................................................................. Quantum-Confined Stark Effect 

QB  ......................................................................................................................... Quantum Barrier 

QW ........................................................................................................................... Quantum Well 

RT  ..................................................................................................................... Room Temperature 

SAE .............................................................................................................. Selective Area Epitaxy 

SEM ................................................................................................. Scanning Electron Microscope 

SQW .............................................................................................................. Single Quantum Well 

SRH ................................................................................................................. Shockley-Read-Hall 

TD  ................................................................................................................ Threading Dislocation 

TEM .......................................................................................... Transmission Electron Microscopy 

UV  ................................................................................................................................... Ultraviolet 

XRD ..................................................................................................................... X-Ray Diffraction 

2D  .......................................................................................................................... Two-Dimension 

3D  ........................................................................................................................ Three-Dimension 



 

 xii

BIOGRAPHY 

Mr. Won Seok Lee received Bachelor of Science in Metallurgical Engineering and 

Master of Science in Physics from Yonsei University, Seoul, South Korea in 1998 and 

2000, respectively. In the same year, and subsequent to receiving the Master degree, he 

joined the Photonics Laboratory of Samsung Advanced Institute of Technology (SAIT), 

the central R&D organization in Samsung, as a Researcher. At SAIT, he was engaged in 

the development of GaN-based laser diodes. He was promoted to Senior Researcher in 

2004. In 2006, he joined Rensselaer Polytechnic Institute, Troy, New York, USA, and 

received Master of Science in Materials Science and Engineering in 2008. Currently, he 

is working toward the Ph. D. degree under the supervision of Professor E. Fred Schubert 

at Rensselaer Polytechnic Institute. He is co-advised by Dr. Jaehee Cho. His current 

research interests are growth and characterization of GaN-based visible LEDs. He 

authored or coauthored more than 40 technical journal papers and 30 conference 

presentations. He holds 3 patents in the fields of his expertise. He is married to Sehee 

Kim and they have one daughter. 



 

 xiii

ACKNOWLEDGMENT 

It is my pleasure to have this opportunity to express my gratitude towards everyone who 

helped me to make this work possible. 

 

First and foremost, I thank my advisor, Professor E. Fred Schubert of the Department of 

Electrical, Computer, and Systems Engineering, for giving me the opportunity to 

participate in research in his laboratory and his guidance. He taught me not only the 

principles of MOVPE and optoelectronic devices but also how to make a table well and 

how to ski. My time in his group was very valuable for me. He always supported and 

encouraged me academically, economically, and mentally. I cannot imagine having a 

better advisor and mentor than him. 

 

I would like to sincerely acknowledge my doctoral committee members, Professor 

Richard W. Siegel, Professor Partha S. Dutta, Professor Peter D. Persans, and Dr. Jaehee 

Cho for the helpful discussions and the constructive suggestions.   

 

I want to thank Dr. Jaehee Cho again for his guidance. He has given me the confidence 

and motivation to be successful in my research career. 

 

I especially appreciate the helpful discussions and great support from Dr. Sameer 

Chhajed and Mr. David Meyaard to make our LEDs better. Their enthusiasm always 

inspires me. I will not forget our valuable time with countless discussions and hard work. 

 

I would like to thank Dr. Yongjo Park and members in Samsung LED for their great 

support throughout this project. 

 

I would like to thank Dr. Ajit Paranjpe and employees of Veeco for their great support 

throughout this project. 

 

I would like to thank Mr. Ahmed N. Noemaun for his help with APSYS simulations. 



 

 xiv

I would like to thank Mr. Di Zhu for his help with LED fabrication. 

 

I would also like to mention the past and current members of our laboratory with whom I 

have had the pleasure of working: Dr. Kaixuan Chen, Dr. Martin Schubert, Dr. Roya 

Mirhosseini, Mr. Frank W. Mont, Mr. Qi Dai, Mr. Jiuru Xu, Mr. Qifeng Shan, Mr. 

Guan-Bo Lin, Mr. Ming Ma, Mr. David Poxson, Mr. Adam Sood, Ms. Jing Wang, Ms. 

An Mao, Mr. Xing Yan, and Mr. Sauvik Chowdhury.  

 

I owe a big thanks to Professor Jong Kyu Kim, who was a research assistant professor at 

RPI and currently an assistant professor at POSTECH. His guidance, support and 

encouragement throughout the time at RPI made my work possible. 

 

I would like to thank Dr. Theeradetch Detchprohm for helpful discussions and advice 

throughout the time I spent at RPI. 

 

I thank the staff in our laboratory, Mr. John Schatz for providing me with a seamless and 

pleasant work environment. 

 

Also I have to express my thanks to our group secretary, Ms. Gina Moore for her 

assistance.  

 

I would like to thank my father, Kookjun Lee, my mother, Youngnam Choi, my wife, 

Sehee Kim, and my little princess, Yuna Lee for their endless love, support and 

encouragement. 

 

Finally, thank you! Jesus!  

 

 

 

 

 



 

 xv

 

 

 

 

 

 

 

 

 

 

 

To 

my father, Kookjun Lee 

my mother, Youngnam Choi 

my wife, Sehee Kim 

and my little princess, Yuna Lee 



 

 xvi

ABSTRACT 

Group III-nitride materials have become a promising material for light sources emitting 

in the ultraviolet-to-green spectral range. Recently, GaN-based light-emitting diodes 

(LEDs) have been rapidly expanding their application into extremely-high-brightness 

applications such as back-light units for large-area liquid-crystal displays and solid-state-

lighting systems that substitute for traditional fluorescent-lamp and incandescent-bulb 

systems. GaN-based LEDs have many advantages, e.g., high efficiency, low power 

consumption, compact size, and a much longer lifetime than conventional light sources. 

However, today’s visible LEDs still suffer from some major challenges, such as the 

following: 1) the existence of the internal electric fields in GaInN QWs due to the 

material-polarization effects; 2) high threading dislocation densities due to the lack of 

lattice-matched substrates. These challenges must be overcome to advance the state-of-

the-art in LEDs.  

Group III-nitride materials grown on the c-plane sapphire substrates show 

polarization effects due to the non-centrosymmetric nature of the wurtzite crystal 

structure. In the case of GaInN/GaN multiple quantum wells (MQWs) for visible LEDs, 

the polarization fields, including spontaneous polarization and strain-induced 

piezoelectric polarization, play a significant role. The emission wavelength and the 

efficiency of the GaN-based LEDs grown on c-plane sapphire substrates are influenced 

by a strong internal electric field, on the order of MV/cm, induced by the polarization 

fields in the MQW active region. The strong polarization-induced electric field causes 

spatial separation of electron and hole wavefunctions inside the QWs, resulting in a 

reduced internal quantum efficiency. At low injection currents, the electric field and the 

associated quantum-confined Stark effect (QCSE) in GaInN/GaN MQW structures cause 

a redshift of the electroluminescence peak wavelength compared to a QCSE-free MQW 

layer. Furthermore, the peak-emission wavelength shifts back to the blue with increasing 

injection current.  

It has been reported that the polarization-induced electric field also causes the 

efficiency droop. The efficiency droop is the gradual decrease of the efficiency as the 

injection current increases. Instead of conventional GaN QBs, fully polarization-matched 



 

 xvii

(100 %) AlGaInN and AlInN QBs were proposed to reduce the efficiency droop by 

enabling independent control over interface polarization charges as well as bandgap. 

However, it is difficult to grow high-quality AlGaInN and AlInN QBs with high Al 

and In compositions. As an alternative, even Al-free Ga1–yInyN QBs can reduce the 

polarization mismatch with respect to the Ga1−xInxN QWs (x > y). The reduction in 

polarization mismatch between QW and QB of a Ga0.80In0.20N/Ga0.90In0.10N MQW 

structure compared with a Ga0.80In0.20N/GaN MQW structure is 50 %.  It has been shown 

by simulations that, at high currents, GaInN/GaInN MQW structures give a similarly 

increased light-output power and decreased efficiency droop as GaInN/AlGaInN MQW 

LED structures. 

In this dissertation, we present Ga1−xInxN LEDs with Ga1–yInyN QBs (x > y), rather 

than conventional GaN QBs, to reduce the polarization mismatch between the Ga1−xInxN 

QWs and the Ga1–yInyN QBs. The electroluminescence spectra of the GaInN/GaInN 

LED show much less blueshift with increasing injection current as compared to the 

GaInN/GaN reference LED. The forward voltage is reduced in the GaInN/GaInN LED 

due to reduced energy barriers for electron and hole transport in the active region. In 

addition, the pit density in the GaInN/GaInN MQW is much reduced and correlated to a 

reduced reverse leakage current in the GaInN/GaInN LED. Furthermore, the light-output 

power and external quantum efficiency of the GaInN/GaInN LED are much improved 

over the GaInN/GaN reference LED. These results are attributed to the reduction of 

polarization mismatch and the reduction of lattice mismatch in the MQW active region 

by using GaInN QBs.  

In contrast to GaAs- and InP-based compound semiconductors for which a stable 

growth technology has been developed by using homoepitaxial buffer layers grown on 

(001) lattice-matched bulk substrates, GaN-based materials have been developed on 

heteroepitaxial c-plane (0001) sapphire substrates. Also, typical ternary alloy materials 

such as GaInN and AlGaN in GaInN-based LEDs have a rather large lattice mismatch to 

GaN. Threading dislocations (TDs) are caused by the mismatch of lattice constant and 

thermal expansion coefficient between the epitaxial layers and substrates. In GaInN-

based LED structures, TD densities in the mid 108 cm−2 range are common, unless 

specialized techniques, such as lateral epitaxial overgrowth, and thick GaN growth by 
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hydride vapor-phase epitaxy, are employed. Therefore, one of the challenges for GaInN-

based LEDs is the control of lattice-mismatch-induced dislocations as well as their 

impact on the performance of the devices. Despite the impressive progress in LED 

performance, further understanding of the relation between the TD density and LED 

performance is necessary for continued development of LED technology. It is well 

known that the TD density influences the internal quantum efficiency of ultraviolet (UV) 

LEDs and laser diodes. The performance of UV LEDs and LDs is very sensitive to the 

TD density in the epitaxial structures. Although blue LEDs on sapphire substrates show 

a relatively low sensitivity to TDs, it is still worthwhile to investigate the effect of TD 

density on LED characteristics especially for high-power and high-efficiency LEDs. 

In this dissertation, we investigate how strain and threading dislocation density in 

templates affects the efficiency of GaInN-based LEDs that are pseudomorphically grown 

on the templates. The templates consist of GaN layers grown on either an AlN or a GaN 

buffer layer. The template based on the AlN buffer shows higher compressive strain and 

lower threading dislocation density compared to the template based on the GaN buffer. 

We simulate the LED structures grown pseudomorphically on the templates in order to 

investigate the effect of strain in the template on the polarization field and efficiency for 

the LED structures. We show that the strain in the templates significantly affects the 

polarization field in the LED structure. Higher compressive strain in the template 

increases the polarization sheet charge density at the interface between the GaInN 

quantum well and the GaN quantum barrier grown on the template. However, the higher 

compressive strain also decreases the polarization sheet charge density at the interface 

between GaN spacer and AlGaN electron blocking layer. Therefore, the effects of the 

piezoelectric polarization fields in the multiple quantum well and electron blocking layer 

due to strain in the templates are counteractive with respect to the electron leakage. As 

evidence of higher piezoelectric polarization field in QW, a larger spectral shift of the 

emission band is observed for the LEDs grown on the template having higher 

compressive strain, when increasing the injection current. Finally, we find that the LEDs 

grown on the template based on the AlN buffers having high compressive strain shows 

enhanced light-output power and external quantum efficiency. This enhancement can be 

attributed to the effect of reduced threading dislocation density. 



 

 xix

LIST OF PUBLICATIONS OF WON SEOK LEE AUTHORED 
WHILE AT RPI  

 W. Lee, D. Meyaard, S. Chhajed, F. W. Mont, A. N. Noemaun, Q. Shan, J.-W. 
Lee, J. Cho, E. F. Schubert, and A. Paranjpe, “Effect of strain and dislocation 
density in templates on efficiency of GaInN-based light-emitting diodes”, J. Appl. 
Phys., Submitted (2011) 

 S. Chhajed, W. Lee, J. Cho, E. Fred Schubert, and J. K. Kim, “Strong light-
extraction enhancement in GaInN light-emitting diodes by using self-organized 
nanoscale patterning of p-type GaN”,  Appl. Phys. Lett., accepted (2011)  

 
 W. Lee, M.-H. Kim, D. Zhu, A. N. Noemaun, J. K. Kim, and E. F. Schubert, 

“Growth and characteristics of GaInN/GaInN multiple quantum well light-
emitting diodes”, J. Appl. Phys., 107, 063102 (2010) 
 

 M.-H. Kim, W. Lee, D. Zhu, M. F. Schubert, J. K. Kim, E. F. Schubert, and Y. 
Park, “Partial polarization matching in GaInN-based multiple quantum well blue 
LEDs using ternary GaInN barriers for a reduced efficiency droop”, IEEE J. Sel. 
Topics Quantum Electron., 15, 1122 (2009) 

 
 K. X. Chen, Q. Dai, W. Lee, J. K. Kim, E. F. Schubert, J. Grandusky, M. 

Mendrick, X. Li, and J. A. Smart, “Effect of dislocations on electrical and optical 
properties of n-type Al0.34Ga0.66N”, Appl. Phys. Lett., 93, 192108 (2008)  

 
 K. X. Chen, Q. Dai, W. Lee, J. K. Kim, E. F. Schubert, W. Liu, S. Wu, X. Li, and 

J. A. Smart, “Parasitic sub-band-gap emission originating from compensating 
native defects in Si doped AlGaN”, Appl. Phys. Lett., 91, 121110 (2007)  
 

 Y. A. Xi, K. X Chen, F.W Mont, J. K. Kim, W. Lee, E. F. Schubert, W. Liu, X. 
Li, and J. A. Smart, “Kinetic study of Al-mole fraction in AlxGa1-xN grown on c-
plane sapphire and AlN bulk substrates by metal-organic vapor-phase epitaxy,” 
Appl. Phys. Lett., 90, 051104 (2007) 
 

Some text, figures, and tables in this dissertation have been taken directly from the 
above publications. 



 

     1

1. Introduction 

This chapter reviews the relevant scientific background of my research topic – 

polarization engineering of GaN-based light-emitting diodes. In the beginning, 

a brief introduction of light-emitting diodes is given. Then, the science and 

significance of fundamental material properties and applications of group III-

nitride semiconductors are reviewed.  

 

1.1 Electromagnetic spectrum of the optical region 

Figure 1.1.1 shows the electromagnetic spectrum of the optical region. The detectable 

range of light by the human eye extends only approximately from 0.4 µm to 0.8 µm. 

Figure 1.1.1 also shows the major color bands from violet to red in the expanded scale. 

The ultraviolet (UV) region includes wavelength from 0.01 µm to 0.4 µm and the 

infrared (IR) region extends from 0.8 µm to 1000 µm. We are primarily interested in the 

wavelength range from near-UV to near-IR. 

 
 

 
 

Figure 1.1.1: Chart of electromagnetic spectrum from the UV region to the IR 

region [1]. 

 

Figure 1.1.1 also shows the photon energy on a separate horizontal scale. To con-

vert the wavelength to photon energy, we use the relationship 
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  (1.1.1) 

where c is the speed of light in vacuum, ν is the frequency of light, h is Planck’s con-

stant, and hν is the energy of a photon, which is conveniently measured in electron volts. 

For example, a 0.3 µm UV light has a photon energy of 4.13 eV. 

 

1.2 Radiative transitions 

There are basically three processes for interaction between a photon and an electron in a 

solid: absorption, spontaneous emission, and stimulated emission. Consider two energy 

levels EI and EII of an atom, where EI corresponds to the ground state and EII corres-

ponds to the excited state (Fig. 1.2.1). Any transition between these states involves the 

emission or absorption of a photon with frequency νI-II given by νI-II = (EII −EI) / h. 

 
 

 

Figure 1.2.1: The three transition processes between two energy levels. EI and EII 

are the energy states of an atom. Black dots indicate the electrons. The initial state 

is at the left; the final state, after the transition, is at the right; (a) absorption (b) 

spontaneous emission (c) stimulated emission [1]. 
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At room temperature (RT), most of the atoms in a solid are at the ground state. 

This situation is disturbed when a photon of energy exactly equal to hνI-II impinges on 

the system. An atom in state EI absorbs the photon and thereby is raised to the excited 

state EII. The change in the energy state is caused by the absorption process, shown in 

Fig. 1.2.1 (a). The excited state of the atom is unstable, so after a short time, without any 

external stimulus, the atom makes a transition to the ground state by emitting a photon of 

energy hνI-II. This process is called spontaneous emission (Fig. 1.2.1 (b)). When a photon 

of energy hνI-II impinges on an atom while it is in the excited state (Fig. 1.2.1 (c)), the 

atom can be stimulated by the incident radiation. This process is called stimulated 

emission. The radiation coming from stimulated emission is monochromatic because 

each of the two photons has precisely the energy hνI-II and is coherent because emitted 

photons are in phase. The dominant transition process for LEDs is spontaneous emission; 

for laser diodes, it is stimulated emission; and for photodetectors and solar cells, it is 

absorption.  

Let us assume that the instantaneous populations of EI and EII are nI and nII, respec-

tively. Under a thermal equilibrium condition, the population is given by the Boltzmann 

distribution: 

kThkTEE

I

II IIIIII ee
n

n /)(/) (     (1.2.1) 

The negative exponent indicates that nII is less than nI in thermal equilibrium: that 

is, most electrons are at the lower energy level. 

 

1.3 Light-emitting diodes 

Like a p-n junction diode, the light-emitting diode consists of a chip of semiconducting 

material doped with impurities to create a p-n junction. Current can flow from the p-side, 

or anode, to the n-side, or cathode, but not in the opposite reverse direction. The carriers 

– electrons and holes – flow into the junction from the electrodes with different poten-

tials. When an electron meets a hole, the electron falls into a lower energy level, and 

releases energy in the form of a photon.  

The wavelength of the light emitted, and therefore its color, depends on the band-

gap energy of the materials forming the p-n junction. In Si or Ge diodes, the electrons 
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and holes recombine by a nonradiative transition which produces no optical emission, 

because Si and Ge are indirect band gap materials. The materials used for the LED have 

a direct band gap with energies corresponding to near-infrared, visible or near-ultraviolet 

light. LED development began with infrared and red devices made with GaAs. Advances 

in materials science have made possible the production of devices with ever-shorter 

wavelengths, producing light in a variety of colors. LEDs are usually built on an n-type 

substrate, with an electrode attached to the p-type layer deposited on its surface.  

 

1.4 Materials for solid-state lighting 

As briefly mentioned in Chapter 1.3, LEDs have p-n junctions that can emit spontaneous 

radiation in the ultraviolet, visible, or infrared region. Figure 1.4.1 shows the relative eye 

response as a function of wavelength. The maximum sensitivity of the eye is at 

0.555 µm. The eye response falls to zero at the extremes of the visible spectrum between 

0.4 and 0.8 µm. For normal vision at the peak response of the eye, 1 W of radiant power 

is equivalent to 683 lumen. Figure 1.4.1 also shows the bandgaps of various semicon-

ductors. 

 

Figure 1.4.1: Semiconductors of interest for LEDs. Figure includes relative re-

sponse of the human eye (adapted from [1]). 
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Table 1.4.1 lists the semiconductors used to produce light in the UV, visible and IR 

parts of the spectrum. Among all the semiconductors shown, the most widely used 

materials for LEDs are the (AlxGa1−x)0.5In0.5P and GaxIn1−xN III-V compound systems. A 

III-V alloy compound is formed when more than one group III-element is distributed 

randomly on group-III lattice sites or more than one group V element are distributed 

randomly on group-V lattice sites. The notation used is AxB1−xC or AC1−yDy for ternary 

(three elements) compounds and AxB1−xCyD1−y for quaternary (four elements) com-

pounds, where A and B are the group-III elements, C and D are the group-V elements, 

and x and y are the mole fractions, that is, the ratios of the number of atoms of a given 

atomic species to the total number of group-III or group-V atoms in the alloy compound. 

 

Table 1.4.1: Common III-V materials used to produce LEDs and their emission 

wavelengths (adapted from [1]). 

Material Wavelength (nm) 

InAlSbP/InAs 4200 

InAs 3800 

GaSb 1800 

GaAs: Er, InP: Er 1540 

GaxIn1−xAs1−yPy 1100 ~ 1600 

GaAs: Yb, InP: Yb 1000 

GaAs: Si 940 

GaP 690 

GaAs0.6P0.4:Si 660 

AlxGa1−xAs:Si 650 ~ 940 

(AlxGa1−x)0.5In0.5P 570 ~ 655 

GaP: N 550 ~ 570 

GaxIn1−xN 360 ~ 1610 
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1.5 Properties of group III-nitride semiconductors 

Group III-nitride semiconductors have attracted much attention due to their wide band-

gap and their suitability for applications in UV to green optoelectronic devices. As 

shown in Fig. 1.5.1, the bandgap energy of AlGaInN material at RT varies between 

0.7 eV [3] and 6.2 eV [4], depending on its composition. Thus, using AlGaInN semicon-

ductors, IR to UV emitting devices can be fabricated.     

 

 

Figure 1.5.1: Energy bandgap versus lattice constant of group III-nitride semicon-

ductors (adapted from [2]). 
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1.6 Applications of group III-nitride semiconductors  

Major developments in III-nitride semiconductors have led to the commercial production 

of high brightness LEDs emitting at wavelengths between green and near UV wave-

length. The range of applications of GaN-based LEDs is extremely wide; green to violet 

LEDs are currently used in traffic lights, full color displays, automotive instrument 

panels, and any kind of lighting. UV LEDs came recently to the market, the main 

application being air and water purification, medical treatment and diagnosis, and 

detection of bio-particles, for instance those present in bacterial spores with absorption 

between 260 and 340 nm. 

Lighting applications have made up an increasing proportion of the overall LED 

market. Basically, white light is obtained by combination of red, green, and blue emis-

sion: this is achieved in a white LED by covering either a blue or an UV LED with 

appropriate phosphorescent materials. LEDs for lighting represent a tremendous chal-

lenge, since lighting accounts for about 20 % of the world’s total electricity consumption. 

White LEDs are currently twice an efficient as incandescent lamps, and in the laboratory 

their efficiency is approaching that of fluorescent lamps. LEDs for lighting also require 

better quality material than standard LEDs [5].  

The semiconductor-based visible and UV wavelength light-emitting devices have 

had a huge impact on modern technologies. The shorter wavelength means that the light 

can be focused more sharply thereby allowing for an increase in the storage capacity of 

magnetic and optical disks.  Digital video disks (DVDs) rely on red AlGaInP semicon-

ductor lasers and have a data capacity of about 4.7 Gbytes, compared to 0.65 Gbytes for 

compact disks (CDs). By moving to violet wavelengths using group III-nitride-based 

semiconductors, this capacity has been increased to 15 Gbytes. The first RT-continuous 

wave operation of GaN-based laser diode (LD) was achieved by Nichia in December, 

1996 [6]. However, due to the large lattice mismatch and the difference of thermal 

expansion coefficients between GaN and sapphire, GaN layers grown on sapphire 

substrate have a high dislocation density. To fabricate optical devices with high perfor-

mance and long lifetime, low dislocation density in GaN buffer layers (or GaN bulk 

substrates) is necessary.  The real breakthrough in laser technology was the dramatic 

improvement of the lifetime at the end of 1997, with the lifetime reaching 10000 hours 
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[7].  This was made possible by implementation of lateral epitaxial overgrowth (LEO) 

technology, which significantly reduces the dislocation density to about 5 × 106 cm−2.  
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2. Polarization effect in group III-nitride semiconductors 

 

This chapter reviews the polarization effect in group III-nitride materials and a 

related phenomenon – the quantum-confined Stark effect (QCSE). In addition, 

the influence of the QCSE on the optical and electrical properties of 

GaInN/GaN multiple quantum well LEDs, and ways to control the QCSE, are 

investigated.   

 

2.1 Crystal structure of group III-nitride semiconductors 

GaN and its related compounds can crystallize both in the zinc-blende as well as in the 

wurtzite structure. The two structures are shown in Fig. 2.1.1; however, the wurtzite 

structure is more common because thermodynamically the zinc-blende GaN is metasta-

ble. Crystallographically, the zinc-blende structure and wurtzite structure are closely 

related. The bonding to the next neighbors in both structures is tetrahedral. The bravais 

lattice of the wurtzite structure is hexagonal, and the axis perpendicular to the hexagons 

is usually labeled as the c-axis. Along the c-axis, the structure can be thought of as a 

sequence of layers of atoms of the same element (e.g. all Ga or all N), built up from 

regular hexagons. For the zinc-blende lattice, the stacking of the close-packed plane 

({111} along the 111 direction) is: GaANAGaBNBGaCNCGaANAGaBNBGaCNC…. 

            

 

Figure 2.1.1: (a) Zinc-blende structure [8] and (b) wurtzite structure (adapted from 

[9]). 
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Whereas for the wurtzite structure, the stacking of the close-packed plane ({0001} 

along the 0001 direction) is changed to:  GaANAGaBNBGaANAGaBNBGaANAGaBNB…. 

 

2.2 Polarization effect in group III-nitride semiconductors 

The most common epitaxial growth direction of group III-nitrides is the c-plane of the 

wurtzite structure. The III-nitrides grown on the c-plane have polarization charges 

located at each of the two surfaces of a layer. There are spontaneous polarization charges 

as well as strain-induced or piezoelectric polarization charges. Spontaneous polarization, 

i.e., the polarization without piezoelectric field at zero strain, is also strong, and not to be 

ignored. Therefore, both spontaneous and piezoelectric polarizations in a given strain 

state need to be considered for total polarization P 

)(pzsp PPP   (2.2.1) 

where Psp is the spontaneous polarization and Ppz (ε) is the piezoelectric polarization as 

function of in-plane strain, ε. In the estimation of polarization in heterostructures, 

polarization differences at the interface are relevant. Taking the example of an isolated 

strained QW embedded in an unstrained material B, the polarization is [10] 

)(,,, QWpzBspQWsp PPPP   (2.2.2) 

In the case of GaInN-based QWs for visible light emitters, the difference in spon-

taneous polarization between GaN and InN is small, but lattice mismatch (hence, strain) 

is large. This makes, in many cases, the spontaneous polarization contribution to the 

total polarization negligible compared to the piezoelectric polarization in GaInN QWs 

[11]. The macroscopic electrostatic field induced by polarization is 

PE
r 0

1


  (2.2.3) 

where r (r = 1 + χ (χ is a susceptibility)) and 0 are the relative dielectric constant and 

absolute dielectric constant, respectively. 

The direction of the internal electric field depends on the strain and the growth 

orientation (Ga face or N face) and is shown for different cases in Fig. 2.2.1 [2]. The 

calculated polarization for common III-nitride semiconductors grown on relaxed GaN is 

shown in Fig. 2.2.2 [2].  
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Figure 2.2.1: Surface charges and direction of internal electric field and polariza-

tion field for spontaneous and piezoelectric polarization in III-nitrides for Ga- and 

N-face orientation [2]. 

 

 

Figure 2.2.2: Magnitude and direction of spontaneous and piezoelectric polariza-

tion in GaInN and AlGaN grown pseudomorphically on relaxed GaN. Relaxed GaN 

has a spontaneous polarization, but no piezoelectric polarization [2]. 
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2.3 Origin of quantum-confined Stark effect in group III-nitride semi-

conductors 

The quantum-confined Stark effect (QCSE) was first reported by Miller et al. in the 

context of GaAs/AlGaAs quantum well (QW) structures with electric field applied 

perpendicular to the layers [12]. In such QW structures, large shifts in band edge absorp-

tion with applied electric field are observed. When the electric field is applied 

perpendicular to the QW layer, electrons and holes are separated toward opposite sides 

of the QW layer, resulting in a reduction in the energy of confined electron-hole pairs, 

and a corresponding Stark shift in the excitonic absorption as shown in Fig. 2.3.1. 

 

 

Figure 2.3.1: Electronic band structure of quantum well (a) without polarization 

fields and (b) with polarization fields. 

 

The spatial separation of electrons and holes within the QW can occur without the 

application of an external electric field in some semiconductor structures. Internal 

electric fields arise from spontaneous polarization and/or strain-induced piezoelectric 

polarization. Wurtzite materials grown along the 0001 directions (that is, on {0001} 

planes), show polarization effects due to the non-centrosysmmetric nature of the crystal 

structure. Considering the stacking of the close-packed plane, which is parallel with 

{0001} along the 0001 direction in the wurtzite structure, it gives rise to atomic dipole 

polarization. GaN-based materials were first developed on polar c-plane (0001) sub-

strates, such as sapphire and SiC and these materials do have a polarization effect [13, 

14]. Also, ternary alloy materials such as GaInN and AlGaN have a rather large lattice 



 

     13

mismatch to GaN; therefore, the effect of piezoelectricity in III-nitride materials always 

needs to be considered.  

 

2.4 Influence of quantum-confined Stark effect on optical and 

electrical properties of GaInN/GaN multiple quantum well active 

region 

2.4.1 Bandgap narrowing in quantum wells  

From the early stage of LED development, narrowing of the effective bandgap was 

observed when a GaInN single quantum well (SQW) was introduced into the LED 

structures compared to the bulk GaInN layer. Electroluminescence (EL) peaks of GaInN 

SQW active regions were redshifted from those using a “stress-free” GaInN double-

heterostructure (DH) active region LEDs. For instance, the band edge emission wave-

lengths of GaInN for green LEDs were 495 and 520 nm in DH and SQW structures, 

respectively [15]. Also, the emission wavelengths of GaInN for blue-violet LEDs were 

420 nm and 450 nm in DH and SQW structures, respectively [16]. This bandgap narrow-

ing can be explained by the QCSE. The QCSE due to piezoelectric fields in a 

GaInN/GaN multiple quantum well (MQW) active region was first reported by Takeuchi 

et al. [17]. The authors explained the bandgap narrowing in terms of the QCSE. The 

transition energy of a strained GaInN QW is smaller than that of GaInN bulk material 

due to energy band bending in the QW by the field and this transition energy increases 

as PL excitation source intensity increases due to partial screening of the QCSE by 

photo-generated carriers. 

 

2.4.2 Blueshift of photoluminescence peak wavelength with increasing 

excitation power 

Takeuchi et al. [17] observed a blueshift of photoluminescence (PL) peak with increas-

ing excitation intensity and QW width dependence of PL peak energy. The transition 

energy of a strained GaInN QW increases as PL excitation source intensity increases due 

to partial screening of the QCSE by photo-generated carriers. 
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2.4.3 Blueshift of electroluminescence peak wavelength with increasing 

injection current 

The blueshift of the luminescence peak also occurs in the EL with increasing carrier 

injection under forward bias. It is commonly observed in LEDs for virtually all GaInN-

based MQW active regions grown along [0001] direction. The blueshift is attributed 

mainly to the screening of the piezoelectric field by free carriers injected into the QW 

under increasing forward bias. The magnitude of blueshift varies according to various 

factors in the LED structures. For instance, L.-H. Peng et al. reported the spectral 

blueshift of 13.4 nm in blue Ga0.8In0.2N/GaN MQW LED as injection currents increased 

from 1 mA to 1 A (unknown chip size) [18] and J. K. Sheu et al. observed the spectral 

blueshift of 25 nm of Ga0.7In0.3N/GaN MQW LED with chip size of 350 µm × 350 µm 

as injection currents increased from 1 mA to 0.5 A [19]. 

 

2.5 Control of quantum-confined Stark effect 

2.5.1 Doping in active region 

The QCSE can be screened by free charge carriers. Providing free carriers into the QWs 

can be done by photoexcitation, carrier injection in p-n structures under forward-bias 

condition, and free carrier release from doped QWs and QBs. Carrier injection occurs in 

the operation of light emitters resulting in partial or full screening of the QCSE depend-

ing on the injected carrier density. Doped QWs and QBs are a method to facilitate 

further screening of the QCSE in order to improve the oscillator strength [20]. The 

screening of the QCSE in GaInN QWs by heavy Si doping has been discussed in the 

literature [21,22]. 

 

2.5.2  Nonpolar epitaxial structures 

The epitaxial growth of III-nitride films has largely been developed on the polar (0001) 

+c plane (the Ga-face c-plane) due to the relative easiness in obtaining good surface 

morphology and low threading dislocation densities in the epitaxial layer. As shown in 

Fig. 2.5.1, the m-, a-, and r-plane are nonpolar and semipolar planes, and the epitaxial 

growth along these directions is becoming important, especially for light emitter applica-
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tions [23,24,25]. For the better understanding of the planes, top view of a- and m- planes 

are shown in Fig. 2.5.2. In addition, the Miller indices and polarity of the wurtzite GaN 

are summarized in Table 2.5.1. To mitigate the QCSE, thinner QWs have generally been 

employed in the active region of the III-nitride-based light emitters. While the introduc-

tion of thinner QWs improves the radiative recombination, it can make carrier 

injection/capture into the QWs inefficient, possibly resulting in overall low IQE. In 

addition, employing thinner QWs cannot remove the QCSE completely. To suppress the 

polarization effects, the growth of nonpolar and semipolar light-emitting heterostructures 

has been proposed and demonstrated [23,24,25].  

 

 

Figure 2.5.1: Crystal structure and axes of unit cell including several important 

planes of the wurtzite structure (adapted from [26]). 
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Figure 2.5.2: Top view of a- and m-planes of wurtzite GaN. 
 

 
Table 2.5.1: Miller indices and polarities of important planes in wurtzite GaN. 

 

Plane Miller index Polarity 
c-plane (0 0 0 1) polar 
a-plane (1 1 −2 0) nonpolar 
m-plane (1 0 −1 0) nonpolar 
r-plane (1 −1 0 2) semipolar 

 
 

2.5.3  Strain engineering  

The QCSE in GaInN-based QWs comes largely from the piezoelectric polarization effect; 

therefore, reducing the strain in the QW can mitigate the QCSE. There have been several 

ways to reduce the strain in GaInN QWs by changing the strain states in neighboring 

layers. A reduced blueshift was observed in pre-strained growth of GaInN/GaN MQW 

by employing an extra GaInN/GaN QW of lower In content between the n-type GaN 

layer and the high In QW active region [27]. Employing a p-type GaInN layer as a hole 

injection layer in the LED structure was reported to reduce the strain in the GaInN QWs, 

resulting in the mitigation of the QCSE [28]. Another approach to control the strain of 

GaInN QW is to use GaInN pseudo-substrates for the epitaxial growth of LED structures 

with high In content. Such GaInN substrate can be prepared by growth a thick relaxed 

GaInN layer on top of a GaN/sapphire substrate. LEDs have been grown on such GaInN 

pseudo-substrate [29]. 
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2.5.4  Cubic III-N structures  

It is known that metastable cubic-phase zinc-blende structures can be grown with 

nonequilibrium epitaxial growth on cubic-phase substrates; recall that the equilibrium 

crystal structure of the group III-nitride materials is the hexagonal-phase wurtzite 

structure [30]. Recently, cubic-phase group III-nitride materials were proposed as an 

alternative approach for optoelectronic devices because the absence of spontaneous and 

piezoelectric fields is expected due to the symmetry of the cubic-phase unit cell [31]. 

The absence of polarization fields could lead to enhanced efficiency in GaN-based LEDs.  
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3. Efficiency droop in GaN-based light-emitting diodes 

 

This chapter reviews the efficiency droop which is one of the important chal-

lenges for high-brightness GaInN LED. The proposed mechanisms causing 

the efficiency droop are also investigated. 

 

3.1 Efficiency of light-emitting diodes 

The processes occurring in a p-n junction LED can be divided into the three stages. The 

first is the injection process, in which the energy of carriers is raised by forward-bias 

injection. Next is the recombination process, during which most of these carriers give up 

their excess energy as photons. Finally, the generated photons must leave the semicon-

ductor and provide the desired optical stimulus to the eye or produce a photocurrent in a 

detector. This is the light-extraction process. Each of these processes has a characteristic 

efficiency. The external quantum efficiency (EQE), EQE, may then be expressed as 

LEEradiativeinjectionLEEIQEEQE ηηηηηη   (3.1.1) 

where IQE, LEE, injection, and radiative, respectively are the internal quantum, light-

extraction, injection, and radiative recombination efficiency. 

 

3.2 Efficiency droop 

Although GaInN-based LEDs have been commercialized for indoor and outdoor lighting 

and displays, there is a big obstacle for high-brightness LEDs. For GaInN/GaN MQW 

LEDs, a well-known fundamental problem that needs to be overcome is the “efficiency 

droop”; it is the reduction in efficiency as the current density increases. Figure 3.2.1 

shows the efficiency curves of typical UV, blue, and green LEDs. The efficiencies of all 

LEDs decrease as the injected DC currents increase. Apparently, the efficiency droop is 

larger when the emission wavelength of LED is longer. The DC current densities at peak 

efficiencies of the UV, blue and green LEDs are 4.5, 0.27, and 0.18 A/cm2, respectively. 

Mukai et al., reported that the forward-current densities at peak efficiencies of the blue 

and green LEDs were 0.49 and 0.08 A/cm2, respectively [32]. 
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Figure 3.2.1: Efficiency curves of typical UV, blue, and green LEDs. 

 

3.3 Proposed mechanisms causing efficiency droop  

3.3.1 Joule heating 

A. A. Efremov et al. reported that the decrease in efficiency of high-power blue 

GaInN/GaN LEDs at high currents was caused by Joule heating [33]. However, Joule 

heating can be eliminated in pulsed measurements. Furthermore, M.-H. Kim et al., 

showed that the peak efficiency decreased more rapidly with increasing temperature than 

the efficiency at high currents; thus the magnitude of the droop actually decreased with 

increasing temperature [34].  

 

3.3.2 Carrier delocalization 

According to Chichibu et al. [35] and Narukawa et al. [36], a number of distinct dark 

spots were found especially in the GaInN QWs as shown in the transmission electron 

microscopy (TEM) image of Fig. 3.3.1. The dark spots represented a potential fluctua-

tion of the compositional disorder in the QW, which could act as a quantum dot if the 

potential gap is large enough to confine particles laterally.  The In-rich dark spots act as 

quantum confined dot-like structures at low current densities, resulting in enhanced 

efficiency due to the increased oscillator strength of the lowest level radiative transitions 



 

     20

or because carriers are confined away from nonradiative centers associated with disloca-

tions. With increasing current density, more carriers escape the confinement with the In-

rich dots to be able to reach the dislocation region and overall efficiency decreases [37]. 

However, this explanation is strongly contradicted by the following fact: the droop does 

not depend on the dislocation density [38]. In addition, high energy electron beam 

damage during TEM observation was proposed to cause the dark spots formation [39]. 

 

 

Figure 3.3.1: Cross-sectional TEM image of the LD wafer consisting of 10 periods 

of GaInN/GaN MQW. Distinct dark spots are considered to correspond to the 

replica of In-rich regions of the compositional inhomogeneity [35]. 

 

3.3.3 Auger recombination 

The total recombination rate, assuming the electron density, n, is equivalent to the hole 

density, p, may be expressed as 

  (3.3.1) 

where A (s−1), B (cm3 s−1), and C (cm6 s−1) are the Shockley-Read-Hall (SRH) nonradia-

tive recombination, the radiative recombination, and the Auger nonradiative 

recombination coefficients, respectively [40]. The generation rate, G (cm−3 s−1), is 

proportional to the absorbed laser excitation (W cm−2) and the inverse of the excited 

layer thickness. The Auger recombination coefficient in quasi-bulk GaInN layers grown 

on GaN was claimed to have been measured by a photoluminescence technique [40]. 
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The measured Auger coefficient ranges from 1.4 × 10−30 to 2.0 × 10−30 cm6 s−1 [40].  The 

authors claimed that the Auger recombination is the primary nonradiative path for carrier 

resulting in the efficiency droop when the coefficient is combined with the high carrier 

densities reached in blue and green LEDs [40]. 

However, there is a discrepancy between the Auger coefficients obtained theoreti-

cally and experimentally. The discrepancy suggests that the measured C coefficient may 

not be due to Auger recombination but due to another carrier loss mechanism [41]. Table 

3.3.1 shows the reported Auger coefficients in the literature. 

 

Table 3.3.1: Reported Auger coefficients (C coefficients) obtained theoretically and 

experimentally. 

Author (published year) 
Auger coefficient obtained 

theoretically (cm6 s−1) 
Auger coefficient obtained 
experimentally (cm6 s−1) 

S.-H. Yen et al. 

(2009) [41] 
1.4 × 10−34 (simulation)  

K. T. Delaney et al. 
(2009) [42] 

< 1.0 × 10−31  

J. Hader et al. (2009) [43] 3.5 × 10−34  

A. Hangleiter et al. 

(2009) [44] 
< 1.0 × 10−31  

P. G. Eliseev et al. 

(1999) [45] 
 < 2.7 × 10−30 

B. Guo et al. (2005) [46]  5.0 × 10−30 

Y. C. Shen et al. 

(2007) [40] 
 1.4 × 10−30 ~ 2.0 × 10−30 

H.-Y. Ryu et al. 

(2009) [47] 
 > 1.0 × 10−28 

A. David et al. 

(2010) [49] 
 1.0 × 10−29 

 

3.3.4 Poor hole injection efficiency  

One of the proposed origins of the efficiency droop results from the low hole concentra-

tion and low hole mobility of p-type GaN layers in the typical GaN-based LEDs. 



 

     22

Rozhansky et al. claimed that the decreasing of quantum efficiency at high current 

density was caused by decrease of injection efficiency for the holes into the active region. 

Various structures have been proposed to avoid the poor hole injection efficiency, for 

example, the displacement of active region in p-type region as shown in Fig. 3.3.2 

[49,50], p-type quantum barriers [51], and thin GaInN QBs [52].  

 

       

Figure 3.3.2: Schematic view of LED heterostructure with GaInN quantum well in 

the active area and AlGaN emitter (a) conventional and (b) inverse structure 

(adapted from [49]). 

 

3.3.5 Polarization effect 

As we discussed earlier, the strong polarization-induced electric field causes spatial 

separation of electron and hole wavefunctions inside the QWs, resulting in a reduced 

internal quantum efficiency. In addition, we propose that the polarization-induced 

electric field causes electron leakage out of the active region at high drive currents, and 

thus reduces the LED efficiency at high currents.  

Figure 3.3.3 shows the calculated LED band diagram at a forward current of 

350 mA by using APSYS (advanced physical models of semiconductor devices) simula-

tion software. As a results of the polarization charges, the conduction band slopes 

upward as it approaches the active region from the n-side of the device. The sloped 

triangular barriers hinder the electron current thereby requiring a large bias to drive 
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electrons though the MQW. For a current of 350 mA, the conduction band on the n-side 

is higher than the conduction band on the p-side, which results in a large electron 

leakage current. Figure 3.3.3 also shows the calculated band diagram when the total 

spontaneous and piezoelectric polarization charges of the GaInN quantum wells are 

matched by equal polarization charges in AlGaInN quantum barriers. In the absence of 

the polarization charges, the triangular barriers disappear. Furthermore, the forward 

voltage at 350 mA is reduced from 3.8 V to 3.2 V, and the conduction band on the p-side 

is now higher than on the n-side making it much more difficult for electrons to reach the 

p-side. As a result, the electron leakage current is virtually eliminated [34].  

 

 

Figure 3.3.3: Calculated band diagram of typical GaInN/GaN LED as well as 

polarization-matched GaInN/AlGaInN LED under a forward-bias condition [34]. 

 

Figure 3.3.4 plots the calculated internal quantum efficiency (IQE) and the electron 

leakage current across the electron blocking layer (EBL) as a function of the forward 

current for the reference LED and polarization-matched LEDs. The decrease in efficien-

cy is tied to the increase in electron leakage current, which is significant even at low 

currents and becomes larger as the forward current increases. Polarization fields in the 

MQW active region and the EBL are the physical origin of the efficiency droop occur-

ring in GaInN LEDs. Structures with polarization-free EBL and MQW show the highest 

light-output power (LOP) and virtually no efficiency droop [34].   
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Figure 3.3.4: Calculated IQE and leakage current ratio of a typical reference 

GaInN/GaN MQW LEDs and polarization-matched LEDs [34]. 
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4. Polarization engineering of GaN-based light-emitting diodes 

 

In Chapters 2 and 3, we discussed the origin and proposed solutions for the 

quantum confined Stark effect and the efficiency droop in GaN-based LEDs. 

This chapter presents a systematic study on the design, growth, and characte-

rization of the partially polarization-matched light-emitting diodes to 

investigate the effect of polarization charges at the interface between QWs 

and QBs on the performance of the LEDs. The mitigation of quantum con-

fined Stark effect and the reduced efficiency droop are demonstrated by using 

polarization engineering of the active region in the GaN-based LEDs.  

 

4.1  Design of the polarization-matched light-emitting diodes 

Figure 4.1.1 shows calculated bandgaps and total polarization charges of AlGaInN alloy 

materials grown on GaN templates as a function of Al and In composition [36]. In the 

reference blue GaInN/GaN MQW LED structure, the well layer has 20 % In composi-

tion. Figure 4.1.2 shows APSYS simulation results on IQE of blue LEDs with 

polarization-reduced MQWs by the use of AlGaInN quaternary (QB1 ~ QB4) and 

GaInN ternary (QB5) barriers; for comparison, a reference GaInN/GaN MQW LED is 

shown. Among them, the LED with MQWs consisting of the quaternary AlGaInN QBs 

(QB3) reveals no efficiency droop due to the complete polarization match.  However, it 

is difficult to grow high-quality AlGaInN and AlInN QBs with high aluminum and 

indium compositions that are required for simultaneous and complete matching of 

polarization charges with GaInN QWs. As an alternative, even Al-free Ga1−yInyN QBs 

can reduce the polarization mismatch with respect to the Ga1−xInxN QWs (x > y). The 

reduction in polarization mismatch between QW and QB of Ga0.80In0.20N/Ga0.90In0.10N 

MQW structures compared with Ga0.80In0.20N/GaN MQW structure is 50 %.  As shown 

in Fig. 4.1.2, at high currents, GaInN/GaInN MQW structures give a similarly decreased 

efficiency droop as GaInN/AlGaInN MQW LED structures.  

Portions of this chapter previously appeared as: W. Lee, M.-H. Kim, D. Zhu, A. N. Noemaun, J. K. 

Kim, and E. F. Schubert, “Growth and characteristics of GaInN/GaInN multiple quantum well light-

emitting diodes”, J. Appl. Phys., 107, 063102 (2010) 
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Figure 4.1.1: Calculated bandgap (dashed-line contours) and total polarization 

charge (solid-line contours) of AlGaInN as a function of Al and In composition 

(adapted from [34]). 

 

 

Figure 4.1.2: Simulation results on efficiency droop of blue LEDs with quaternary 

QBs (QB1 ~ QB4) and a ternary QB (QB5), as well as a reference LED with 

GaInN/GaN MQW LED. 



 

     27

4.2  Challenges in growth of the polarization-matched light-emitting 

diodes 

It should be noted that the growth of Ga0.8In0.2N/Ga0.9In0.1N MQWs still possesses 

several challenges. A first challenge is the phase separation which is more likely to occur 

because of higher In compositions in the active region. Therefore, thickness and In 

composition of QB5 in MQWs should be optimized and under precise control.  

A second challenge is the intermixing between ternary wells and barriers, which 

would introduce severe interface degradation in MQWs. The requirement of polarization 

balance in MQWs does not allow us to use a GaN capping layer for Ga0.8In0.2N wells. 

For this challenge, QB5 growth rate and growth temperature seem to play a very impor-

tant role in kinetic point of view. Also, several surface treatments will apply to the 

interface between well and barrier to suppress a potential intermixing problems. 

A third challenge is the potentially lower material quality of a Ga0.9In0.1N quantum 

barrier grown at temperatures lower than that of GaN quantum barriers. A lower-quality 

QBs will be responsible for more nonradiative recombination centers in MQW regions. 

We will address to this challenge through a material point of view and a structural point 

of view. 

 

4.3  Growth and fabrication of partially polarization-matched light-

emitting diodes 

The epitaxial structures of the LEDs were grown on c-plane (0001) sapphire substrates 

by using a single-wafer Aixtron metal-organic vapor phase epitaxy (MOVPE) system. 

The LED epitaxial structures consist of an undoped GaN layer (2 µm) grown on a low-

temperature GaN buffer layer (30 nm), a Si-doped n-type GaN layer (3 µm), a three-

period GaInN/GaInN (3 nm/12 nm) or GaInN/GaN (3 nm/16 nm) MQW active region, a 

undoped GaN spacer layer, a Mg-doped p-type Al0.13Ga0.87N EBL (35 nm), a Mg-doped 

p-type GaN hole injection layer (100 nm), and a heavily Mg-doped GaN contact layer 

(50 nm) as shown in Fig. 4.3.1.  

We call the structure shown in Fig. 4.3.1 (a) the “GaInN/GaInN LED” and the 

structure shown in Fig. 4.3.1 (b) the “reference LED”. For the GaN QBs in 
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Fig. 4.3.1 (b), a 2 nm thick GaN layer (LT-GaN QB) was firstly grown at 720 °C which 

is same growth temperature (corrected surface temperature, i.e. the surface temperature 

that is corrected for the emissivity of the wafer) used for QWs to protect the GaInN QW 

from thermal decomposition during the ramping up of the growth temperature. Then, a 

14 nm thick GaN QB (HT-GaN QB) was grown at 790 °C to ensure good crystal quality. 

However, GaInN QBs in Fig. 4.3.1 (a) were grown without a GaN protection layer 

between QWs and QBs and at a lower growth temperature than the HT-GaN QBs. The 

GaInN QBs are thinner than the GaN QBs in order to maintain good crystal quality of 

the QBs. The target In composition in the GaInN QWs and GaInN QBs is 20 % (to emit 

blue light) and 10 % (to have reduced polarization mismatch between QW and QB), 

respectively. We use a 2.5 nm thick GaInN layer as the last QB followed by a 2.5 nm 

thick GaN spacer layer for the GaInN/GaInN LED. We use a 2 nm thick LT-GaN layer 

as the last QB followed by a 5 nm thick GaN spacer layer for the reference LED. In both 

structures, the growth conditions are the same for all layers except the QBs.  

 

 

Figure 4.3.1: Schematic epitaxial structures of (a) GaInN/GaInN MQW LED and 

(b) GaInN/GaN MQW LED. 

 

As a first indication of the material quality, the surface morphology is mirror-like 

for both samples. After the wafers are annealed at 800 °C for 1 min, under N2 ambient, 

for p-type GaN doping activation, the two LED structures are processed into 
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300 µm × 300 µm LED devices by using standard LED fabrication techniques. 

Ti/Al/Ti/Au and NiZn/Ag metal schemes are used for n- and p-type ohmic contact, 

respectively. The structural quality and thickness of the active region are investigated by 

X-ray diffraction (XRD) and atomic force microscopy (AFM). Current-voltage (I-V) 

characteristics are performed in pulsed mode with 20 µs pulse width and a 1 % duty 

cycle to eliminate joule heating. The LOP is measured from the light emission through 

the sapphire substrate onto a Si photodiode. EL is measured by a high-resolution spec-

trometer, collecting photons emitted from the LED wafers by an optical fiber. All 

devices on the wafer are electrically measured by 4 probes to get an accurate value of the 

forward voltage. 

  

4.4 Characterization of partially polarization-matched light-emitting 

diodes  

In order to estimate the electric field in the QWs of the two LED structures shown in 

Fig. 4.3.1, simulations are performed using APSYS modeling software. APSYS uses a 

combination of different carrier transport models. For the n- and p-type confinement 

layers, a drift-diffusion model is used to calculate the current. In the MQW region, a 

thermionic emission model is used. To calculate carrier concentrations at various points 

in the QWs and the surrounding QBs, APSYS integrates the electron and hole wave 

functions of the various calculated energy levels in the QW and QB. Thus APSYS 

incorporates tunneling effects into the carrier transport model. Commonly accepted 

parameters are used in the simulations [53] and shown in Table 4.4.1. The polarization 

sheet charge densities correspond to 50 % of the theoretically predicted value [54]; this 

is done to facilitate the numerical convergence of APSYS modeling. 

 

Table 4.4.1: Parameters used in APSYS simulation. 

Structure parameters 

Material Doping conc. (1/cm3) 
Activation energy 

(meV) 

n-type GaN ND : 5 10  10 

QBs : GaN and Ga0.9In0.1N ND : 3 10  10 
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QWs : Ga0.8In0.2N 
(non-intentionally doped) 

ND : 5 10  10 

Spacer : GaN and Ga0.9In0.1N 
(non-intentionally doped) 

ND : 5 10  10 

EBL : Al0.13Ga0.87N NA : 1 10  205 

p-type GaN NA : 1 10  180 

Polarization sheet charge at hetero-interface 

Hetero-interface Sheet charge density (C/m2) 

Ga0.9In0.1N on top of GaN 4.80 10  

GaN on top of Ga0.9In0.1N 4.80 10  

Ga0.8In0.2N on top of GaN 1.04 10  

GaN on top of Ga0.8In0.2N 1.04 10  

Ga0.8In0.2N on top of Ga0.9In0.1N 5.60 10  

Ga0.9In0.1N on top of Ga0.8In0.2N 5.60 10  

Al0.13Ga0.87N on top of GaN 3.58 10  

GaN on top of Al0.13Ga0.87N 3.58 10  

Other material related parameters: (after [36]) 

Nonradiative recombination lifetime 
in QWs, QBs, and n-type GaN 

1 ns 

Nonradiative recombination lifetime 
in p-type GaN and EBL 

1 ns 

Radiative recombination coefficient 2.0 10  cm s  

Auger recombination coefficient 1 10  cm s  

Hole mobility 10 cm /Vs 

Electron mobility 200 cm /Vs 

Band offset Δ /Δ  0.67 

Bandgap of GaN 3.42 eV 

Bandgap of InN 0.77 eV 

Bandgap of AlN 6.28 eV 

Bowing factor of AlGaN 1.0 eV 

Bowing factor of GaInN 1.8 eV 

Temperature 300 K 
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Figure 4.4.1 shows the calculated band diagrams of the GaInN/GaInN MQW LED 

and GaInN/GaN MQW LED under a forward-bias condition. The current density is 

333 A/cm2. For the GaInN/GaInN MQW structure, the polarization sheet charges at the 

interfaces between GaInN QWs and GaInN QBs are reduced as compared to the refer-

ence LED. The internal electric field (slope of band edges) in the QWs and QBs is 

reduced as well. In addition, the reduced height of the QBs is more favorable to electron 

and hole flow, potentially resulting in a low forward voltage.  

  

 

Figure 4.4.1: Calculated energy band diagrams of (a) the GaInN/GaInN MQW 

LED and (b) the GaInN/GaN MQW LED under a forward bias. 

 

We note that for the reference LED structure, under the high forward bias, the con-

duction band on the p-side is lower than on the n-side. We also note that for the 

GaInN/GaInN MQW LED structure, under the high forward bias, the conduction band 

on the p-side is higher than that on the n-side making it more difficult for electrons to 

reach the p-side. As a result, the electron leakage over the EBL is reduced. 

Figure 4.4.2 plots the calculated electric fields in the last QW layer of the 

GaInN/GaInN LED and reference LED. The electric fields at different forward currents 

are calculated and plotted by using the appropriate slope of the band diagram. The 

electric field in the QW layer of the GaInN/GaInN LED structure is much less than that 

of the reference LED structure, indicating a reduced polarization mismatch between 

QWs and QBs by using the GaInN QBs. Furthermore, given the reduced field, we expect 
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that the GaInN/GaInN LED has a much smaller shift of the peak wavelength than the 

reference LED when the injection current is increased. 

 

 

Figure 4.4.2: Calculated electric fields in the last QW layer of the GaInN/GaInN 

MQW LED and GaInN/GaN MQW LED structures as a function of the injected 

forward current. 

 

Figure 4.4.3 shows the measured and simulated XRD ω-2θ scans of the 

GaInN/GaInN LED and reference LED wafer. The two measured XRD curves exhibit 

quite different shapes of the satellite peaks. The 0th order peak of the MQW and the 

spacing of the peaks related to the superlattice fringes are different because of a higher 

total In content and thinner GaInN QBs in the GaInN/GaInN active region. The satellite 

peaks of the reference LED structure are clearly seen up to the 5th order, thus confirming 

that the interfaces between GaInN QWs and GaN QBs are well defined. However, the 

satellite peaks of the GaInN/GaInN LED structure are less distinct and broader than 

those of the reference LED structure. In addition, the intensity of the satellite peaks of 

the GaInN/GaInN LED structure is lower than that of the reference LED structure. These 

differences are attributed to the greater similarity between GaInN QWs and GaInN QBs, 

as compared to GaInN QWs and GaN QBs. This is confirmed by the simulated XRD 

curve as shown in the Fig. 4.4.3 (b). 
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Figure 4.4.3: (a) Measured and (b) simulated XRD ω-2θ scans using triple-axis 

optics on blue LED structures with GaInN/GaInN and GaInN/GaN MQWs. 

 

Figure 4.4.4 shows I-V characteristics of the fabricated GaInN/GaInN LED and 

reference LED. The turn-on and forward voltages for the GaInN/GaInN LED are lower 

than those for the reference LED. Under a 300 mA current injection, the forward voltag-
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es are 4.1 and 4.6 V for the GaInN/GaInN LED and reference LED, respectively. Also, 

the series resistance of GaInN/GaInN LED is lower than that of the reference LED. The 

improved electrical properties of the GaInN/GaInN LEDs can be attributed to the 

reduced energy barriers in QBs for both electron and hole transport resulting from the 

reduction of polarization mismatch and sheet charges at the interfaces of QBs and QWs 

in the active region. The experimentally found reduction of the forward voltage is 

qualitatively consistent with the theoretical modeling which also reveals a 0.1 V reduc-

tion in the forward voltage for the GaInN/GaInN LED structure. 

 

 

Figure 4.4.4: Measured I-V characteristics of the blue LEDs with GaInN/GaInN 

and GaInN/GaN MQWs. 

 

Figure 4.4.5 shows the AFM images of the GaInN/GaInN MQW and GaInN/GaN 

MQW with a scan area of 2 × 2 µm2. In order to observe the surface morphology of the 

active region, the MQW samples were grown up to the last QB without p-type layers. A 

high density of dark pits is observed in the GaInN/GaN MQW structure. The density of 

these defects is estimated as 5.3 × 108 cm−2. The GaInN layer or GaInN/GaN MQW 

often show, depending on thickness and composition of GaInN, a surface morphology 

with a high density of pits correlated to the V-defects (also called inverted hexagonal 

pyramids), which have been proven to be associated with threading dislocations at their 
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apexes [55,56,57]. Because of the reduced lattice mismatch between Ga0.80In0.20N QWs 

and Ga0.90In0.10N QBs, the Ga0.80In0.20N/Ga0.90In0.10N MQW active region presumably 

has a lower strain than the Ga0.80In0.20N/GaN MQW active region. In addition, possible 

generation of new dislocations in the GaInN/GaN active region due to the large lattice 

mismatch between GaInN QW and GaN QB is likely to be reduced between GaInN QW 

and GaInN QB. 

 

 

Figure 4.4.5: AFM images of (a) GaInN/GaInN MQW and (b) GaInN/GaN MQW 

structures with scan area of 2 × 2 µm2. The structures were grown up to the last 

QB without EBL and p-type layers. 

 

Figure 4.4.6 shows the typical reverse I-V characteristics of both types of LEDs 

measured at room temperature. The reverse current of the GaInN/GaInN LED is signifi-

cantly reduced, which is presumably due to the improved morphology of MQW active 

region as shown in Fig. 4.4.6. It has been reported that the V-defects and the associated 

screw and mixed dislocations are responsible for the large leakage currents observed in 

LED structures [58,59]. Therefore, we attribute the much lower reverse leakage current 

in the GaInN/GaInN LED to the reduced dislocation-related pit density. 
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Figure 4.4.6: Reverse current versus reverse voltage curve of GaInN/GaInN MQW 

LED and GaInN/GaN MQW LED. 

 

Next, the electro-optical properties of the LEDs with different QBs are compared. 

Figure 4.4.7 displays the change of peak wavelength of the EL spectrum for various 

injection currents. Firstly, at low injection current, the peak wavelength for the 

GaInN/GaInN LED is much shorter than that for the reference LED due to a reduced 

polarization-induced electric field in the active region. Secondly, the blueshift of EL 

peak for the GaInN/GaInN LED is much reduced as compared to that for the reference 

LED, consistent with our APSYS simulation. As the current increases from 5 mA to 

300 mA, the wavelength shifts are 3.5 nm and 21.0 nm for the GaInN/GaInN LED and 

reference LED, respectively. The remarkable reduction of blueshift for the 

GaInN/GaInN LED suggests the mitigation of QCSE by the reduction of the polariza-

tion-induced internal electric field in the QWs.  
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Figure 4.4.7: Measured peak wavelength versus forward current from 300 K 

electroluminescence measurement for blue LEDs with GaInN/GaInN and 

GaInN/GaN MQW active region. 

 

Figure 4.4.8 (a) and (b) show the measured LOP and the corresponding normalized 

EQE as a function of the forward current for the GaInN/GaInN LED and reference LED. 

As shown in Fig. 4.4.9 (a), in the low forward-current regime, the LOP of the 

GaInN/GaInN LED is lower than that with GaInN/GaN MQW. However, in the high 

current regime, the LOP of the GaInN/GaInN LED overcomes that of the reference 

LED. As shown in Fig. 4.4.9 (b), the reference LED has a sharp peak in EQE, which 

occurs at 10 mA. The EQE rapidly decreases as the forward current increases to 

300 mA, resulting in the typical efficiency droop of the convention LEDs. The calcu-

lated efficiency droop is 45 % by using a droop definition of (ηpeak − η300 mA) / ηpeak. 

However, the GaInN/GaInN LED shows a different dependency of the EQE on the 

forward current. The EQE gradually increases in the low current regime, and the EQE 

curve is saturating in the high current regime. For the GaInN/GaInN MQW LED, the 

efficiency-versus current curve continuously increases and does not have a peak in the 

measured current range. In the high current regime, the EQE of the GaInN/GaInN LED 
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is higher than that of the reference LED. The higher light-output power is consistent with 

polarization-matched LED structures reducing droop and electron leakage.   

 

 

Figure 4.4.8: (a) Measured light-output power and (b) normalized external quan-

tum efficiency of the GaInN/GaInN MQW LED and GaInN/GaN MQW LED as 

function of forward current. 

 

4.5 Conclusions  

We have presented GaInN LEDs with GaInN QBs, rather than conventional GaN QBs, 

to reduce polarization mismatch between the GaInN QWs and the QBs. The electrolu-
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minescence spectra of the GaInN/GaInN LED show much less blueshift with increasing 

injection current as compared to the GaInN/GaN reference LED. The forward voltage is 

reduced in the GaInN/GaInN LED due to reduced energy barriers for electron and hole 

transport. In addition, the pit density in the GaInN/GaInN MQW is much reduced and 

correlated to a reduced reverse leakage current in the GaInN/GaInN LED. Furthermore, 

the light-output power and external quantum efficiency of the GaInN/GaInN LED are 

much improved over those of the GaInN/GaN reference LED. These results are attri-

buted to the reduction of polarization mismatch and the reduction of lattice mismatch in 

the MQW active region by using GaInN QBs.  
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5. Threading dislocations in GaN-based materials and devices 

 

This chapter includes the discussion of a high threading-dislocation density in 

group III-nitride materials. The high dislocation density is one of the impor-

tant disadvantage in group III-nitride materials for the device applications. 

The origin of the high dislocation density and the techniques to reduce the dis-

location density are discussed. It is followed by the discussion of reported 

relationships between dislocation density and performance of light-emitting 

diodes. 

 

5.1 High threading-dislocation density in GaN-based materials 

One of the important problems for the growth of III-nitride materials is the lack of high 

quality and low-cost native substrates. For the growth of group III-nitride materials by 

MOVPE or molecular beam epitaxy (MBE), (0001) sapphire substrate is most extensive-

ly used due to its low-cost and relative high-quality epilayers that can be obtained. 

However, the effort to find new and because suitable substrates never stops due to 

several disadvantages of sapphire substrates such as large mismatch in lattice and 

thermal expansion coefficient with GaN and no electrical conductivity which limits the 

freedom of designing electronic and optoelectronic devices. Because the crystal structure 

and the thermal expansion coefficient of sapphire are not well-matched to GaN, the 

epitaxial growth generates high threading-dislocation density (109 ~ 1011 cm−2). These 

threading dislocations (TDs) propagate up to the surface, deteriorating the performance 

of optical and electronic devices. A summary of properties of common substrates used 

for III-nitride growth is listed in Table 5.1.1. 

SiC is a good substrate for III-nitride growth in terms of small lattice mismatch to 

GaN, the good thermal conductivity and the possibility of n and p-type doping. The 

small thermal expansion coefficient, large number of unusable polytypes, and relatively 

high cost are the weakness of SiC. Currently, the interest in Si as substrate rises since Si 

can be doped n or p-type and the thermal conductivity is comparable with GaN, which is 

much higher than that of sapphire. However, Si has a large lattice mismatch of 17 % 

with GaN and a much smaller thermal expansion coefficient which can result in cracking 
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during the cooling down after growth or during GaInN growth at lower temperature. 

Besides heteroepitaxy, homoepitaxy of GaN growth on hydride vapor phase epitaxy 

(HVPE) grown GaN template or GaN bulk substrate have been demonstrated. AlN 

substrate can also be obtained using the technique of sublimation and recondensation. 

The advantage of homoepitaxy is that it minimizes the lattice and thermal mismatches 

resulting in dramatic decrease of the dislocation densities of the grown epitaxial crystal. 

However, the high cost and small available substrate size limit the wide application of 

these substrates. 

 

Table 5.1.1: Material properties of GaN, AlN, Si, SiC, and sapphire (after [60]). 

Material 

Lattice 
con-
stant  

a (nm) 

Lattice 
con-
stant  

c (nm) 

Thermal 
conductivity 

(W/cm) 

Thermal 
expansion 
coefficient 
(10−6 K−1) 

Lattice 
mismatch 

GaN/substrate 
(%) 

Thermal 
mismatch 

at RT 
GaN/ 

substrate 
(%) 

GaN 0.3191 0.5185 1.3 5.59 n/a n/a 

AlN 0.3112 0.4982 2.85 4.2 2.4 25 

Si (111) 0.543 n/a 1 ~ 1.5 2.59 −16.9 54 

6H-SiC 0.308 1.512 3.0 ~ 3.8 4.2 3.5 25 

Sapphire 0.4758 1.299 0.5 7.5 16 −34 

 

Three type of TDs in group III-nitride materials are currently observed, a (screw 

dislocation), c (edge dislocation), and a + c (mixed dislocation) type TDs as shown in 

Figure 5.1.1. In heteroepitaxial GaN, the typical TD density ranges between 108 to 

1011 cm−2 with roughly equivalent partition between pure edge and mixed dislocations. 

Screw dislocations represent relatively small fraction, 1 ~ 10 %.  
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Figure 5.1.1: Unit cell of GaN and Burgers vectors of the three types of TDs: “a 

type”, edge (with Burgers vector 1/3 11−20); “c type”, screw (with Burgers vector 

0001) and “a + c type”, mixed (with Burgers vector 1/3 11−23). 

 

5.2 Techniques to reduce the threading dislocation density 

Sapphire is so far the most widely used substrate for GaN epitaxy. Direct growth of GaN 

on sapphire results in nucleation of isolated islands and never produces GaN layers 

suitable for devices if a low-temperature (LT) nucleation layer (NL) is not employed 

[61]. The main target in all technological development of MOVPE growth of GaN is to 

get the lowest possible TD density. The use, more than 20 years ago, of a LT-NL at the 

first stage of the growth has dramatically improved the situation [62]. 

16 % lattice mismatch and 34 % difference in thermal expansion between the sap-

phire substrate and GaN require a multistep growth process, involving a treatment of the 

sapphire surface, deposition of a LT (450 ~ 600 °C) AlN or GaN nucleation layer (NL), 

heat treatment of the NL, and further growth at a high temperature (1000 ~ 1100 °C) 

[63,65]. Figure 5.2.1 shows the schematic diagram of GaN layer grown on sapphire 

substrate by involving the LT-NL. During the lateral growth process between 3D islands 

from the LT-NL, the propagation of misfit dislocation is suppressed, resulting in a 

reduction of the dislocation density to the 108 cm−2 range.  
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Figure 5.2.1: Schematic diagram of GaN epitaxial layer grown on sapphire sub-

strate by involving low-temperature nucleation layer. 

 

The most promising way of reducing still further the density of dislocations in GaN 

layers is the lateral epitaxial overgrowth (LEO) process, which has been implemented in 

both MOVPE [65,66] and HVPE [66]. In practice, long-lifetime violet LDs have been 

achieved on LEO GaN templates [68].  

LEO technology can be described as follows: firstly, a GaN layer of a few micro-

meters thickness is grown on sapphire substrate (Fig. 5.2.2 (a)). Next a dielectric (SiO2 

or Si3N4) mask is deposited using plasma enhanced chemical vapor deposition (PECVD). 

Using standard photolithographic techniques, a set of parallel stripes separated by 

window areas is opened in the mask (Fig. 5.2.2 (b)). During the initial regrowth, selec-

tive area epitaxy (SAE) is achieved, which means that the subsequent growth is initiated 

in the windows without any nucleation on the mask (Fig. 5.2.2 (c)). Under proper 

conditions and once the GaN growing films reaches the top of the stripes, epitaxial 

lateral growth over the mask starts and finally leads to a full coalescence and to a smooth 

surface suitable for device fabrication (Fig. 5.2.2 (d)). The basic idea is that this tech-

nique may lead to a filtering of the defects: above the windows, the microstructure of the 

underlying GaN template is reproduced, whereas the laterally grown GaN over the mask 

is defect-free. The masked areas stop the propagation of TDs that arise from the template. 

Then, lateral growth proceeds from TD-free vertical facets. 
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Figure 5.2.2: Schematic representation of the different stages of LEO; (a) 

GaN/sapphire template; (b) with mask; (c) localized epitaxy and lateral epitaxial 

overgrowth. TDs continue to propagate not laterally, but, vertically; (d) flat GaN 

surface after coalescence between the laterally overgrown GaN layers. Black lines 

represent dislocations. 

 

5.3 Reported relationships between threading-dislocation density and 

performance of light-emitting diodes 

III-nitride materials came late in III-V semiconductor development. However, the III-

nitride materials have unique characteristics that do not exist in other III-V semiconduc-

tors: direct wide bandgap materials allowing short wavelength emission. Compared with 

optoelectronic devices based on the better known GaAs or InP technologies, GaN-based 

LEDs and even LDs are operating despite an incredibly large density of TDs. This 

unusual tolerance to TD can be understood by assuming that efficient light emission 

occurs due to the localization of excitons at localized minima of energy due to In fluc-

tuation in the quantum wells. At these TD densities, conventional III-V LEDs would not 

emit light at all. 

It is widely recognized that dislocations introduce non-radiative recombination 

centers in III-V arsenides and phophides. Even moderate dislocation densities can 
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impose an upper limit to minority carrier lifetimes for GaAs or GaP-based compound 

semiconductors [69,70,71]. These recombination centers reduce the efficiency of LEDs 

and lasers by effectively competing with radiative paths. Additionally, they migrate 

during device operation, shortening excess carrier lifetimes, and limiting the operating 

life of optical devices.  

Figure 5.3.1 shows the relationship between the efficiency of LEDs and their cor-

responding dislocation densities for LEDs fabricated from a wide variety of materials. 

Dislocations limit the efficiency of LEDs made from all of these materials. However, the 

efficiency of GaN-based blue LEDs is relatively insensitive to the presence of disloca-

tions. Therefore, GaN-based blue LEDs with the dislocation density in the 1010 cm−2 

range show high efficiency. In fact, GaAs-based LEDs with a dislocation density in this 

range would not be expected to emit any light from their band edge at all. This funda-

mental property may arise from the more ionic character of bonding in nitride materials 

compared to other III-Vs [72]. Also, the electrical activity of dislocation could be very 

different in different materials.   

 

 

Figure 5.3.1: Dependence of LED efficiency on dislocation density for devices made 

with a wide range of group III-V materials [72]. 
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6. Effect of strain and dislocation density in templates on efficiency of 

GaInN-based light-emitting diodes 

 

In the previous chapters, we discussed the polarization fields and threading 

dislocations in group III-nitride materials and optoelectronic devices. This 

chapter presents a study on the threading dislocation density and strain in 

light-emitting diodes grown on sapphire substrate with AlN and GaN buffer 

layers (nucleation layers).  

 

6.1 Threading dislocation density and polarization fields in GaInN-

based light-emitting diodes 

In order to control the polarization field in the active region of GaInN/GaN MQW LEDs, 

new materials have been introduced as p-type confinement layer [29], as quantum barrier 

layer [73,74,75], and as underlayers right below the active region [27]. The use of new 

materials, especially in the underlayers below the active region, likely results in a change 

of the polarization field as well as the TD density.  As we already discussed in Chapter 5, 

TDs are caused by the mismatch of lattice constant between the layers of an epitaxial 

wafer. In GaInN-based LED structures grown by using an optimum growth condition, 

TD densities in the mid 108 cm−2 range are common, unless specialized techniques, such 

as lateral epitaxial overgrowth [66], and thick GaN growth by hydride vapor-phase 

epitaxy [76], are employed. Therefore, one of the challenges for GaInN-based LEDs is 

the control of growth-induced dislocations as well as their impact on the performance of 

the devices. Despite the impressive progress in LED performance, a good understanding 

of the relation between the TD density and LED performance is necessary for continued 

development of LED technology. It is well known that the TD density influences the 

internal quantum efficiency of LEDs [77]. This is why LDs and UV LEDs require 

especially low TD density templates. The performance of LEDs and LDs is very sensi-

tive to the TD density in the epitaxial structures [78,79,80]. Although blue LEDs on 

sapphire substrates show a relatively low sensitivity to TDs, it is still worthwhile to 
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investigate the effect of TD density on LED characteristics especially for high-power 

and high-efficiency LEDs. 

In this dissertation, we present a comparative analysis of the LED structures grown 

on templates based on AlN and GaN buffers (nucleation layers) that in turn are deposited 

on c-plane sapphire substrates. The strain status of the LED’s Si-doped GaN underlayer 

grown on various buffers is analyzed and the effect of strain in the Si-doped GaN 

underlayer on the LED characteristics is discussed. In addition, we investigate the effects 

of strain as well as TD density in template which are located right below the MQW 

active region on the performance of blue LEDs. 

 

6.2 Information on AlN buffer layers  

In Chapter 6, we present the characteristics of GaInN-based LEDs grown on new 

alternative AlN buffer layers (nucleation layers) rather than the conventional low tem-

perature GaN buffer layers (nucleation layers). Here we summarize the information on 

AlN buffer layers: 

 We received two different samples (AlN buffer1 and 2) from Veeco Company. 

Both samples consist of AlN buffer layers deposited on (0001) sapphire sub-

strates.  

 The AlN buffer layers were deposited by physical vapor deposition at Veeco. 

 Scanning electron microscopy (SEM) and ellipsometry are used to measure 

thicknesses of the AlN buffer layers. Table 6.2.1 summarizes thicknesses meas-

ured by SEM and ellipsometry. Refractive indexes obtained by ellipsometry are 

also shown.  

 SEM reveals that the buffer layers are smooth, have a uniform thickness across 

the wafer, and are featureless. 

 GaN epitaxial layers are grown directly on the AlN buffers at high temperatures 

(without employment of the conventional low-temperature buffer-layer process).    
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Table 6.2.1: Measured thicknesses by SEM and ellipsometry for the deposited AlN 

buffer layers on sapphire substrates. Refractive indexes at 450 nm for the AlN 

buffer layers are also shown. 

 AlN buffer 1 AlN buffer 2 

Thickness measured by SEM (nm) 27 65 ~ 77 

Thickness measured by ellipsometry (nm) 38 63 

Refractive index at 450 nm 2.02 2.08 

 

6.3 Growth and fabrication of light-emitting diodes grown on various 

templates 

Si-doped GaN layers are grown on a 30 nm thick AlN buffer, a 70 nm thick AlN buffer 

and a 30 nm thick GaN buffer. We call the Si-doped GaN layer including the undoped 

GaN layer, buffer, and sapphire substrate a “template”. In addition, we call the template 

with a 30 nm thick AlN buffer, a 70 nm thick AlN buffer and a 30 nm thick GaN buffer 

“template A”, “template B”, and “template C”, respectively. The templates are located 

right below the active region in the LED structures. Therefore, the strain and threading 

dislocation density in the template strongly affects the active region. Raman spectra are 

measured by WITec alpha300 confocal Raman system to investigate the strain status in 

the templates. The samples were excited with a 532 nm laser source at a power of 

10 mW. The Raman system was equipped with a charge-coupled device detector. The 

spectral resolution was 0.8 cm−1. 

Identical LED structures are grown on the various templates. The LED epitaxial 

structure on the templates consists of a 3-period undoped GaInN/Si-doped GaN MQW 

active region, an undoped GaN spacer layer, a Mg-doped p-type Al0.13Ga0.87N electron 

blocking layer (35 nm), a Mg-doped p-type GaN layer (100 nm), and a highly Mg-doped 

p-type GaN contact layer (50 nm), as shown in Fig. 6.3.1. The wafers are annealed at 

800 °C for 1 minute under N2 ambient for p-type dopant de-passivation. The LED 

structures are processed into 300 × 300 µm2 LED devices by using standard LED 

fabrication techniques. Ti/Al/Ti/Au and NiZn/Ag metal schemes are used for n- and p-

type ohmic contact, respectively. The light-output power is measured through the 

sapphire substrate by a closely coupled Si photodiode by using pulsed mode current 
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injection with 5 µs pulse width and a 1 % duty cycle to eliminate joule heating. Emission 

spectra are measured by a high-resolution spectrometer, collecting photons by an optical 

fiber. Devices on the wafer are electrically measured using 4 probes to get an accurate 

value of the forward voltage. 

 

 

Figure 6.3.1: Schematic epitaxial structure of GaInN-based LED. We call the Si-

doped GaN layer including undoped GaN, buffer, and sapphire substrate “tem-

plate”. 

 

6.4 Characterization of light-emitting diodes grown on AlN and GaN 

buffer layers 

6.4.1 Growth of GaN layers on various buffers 

Figure 6.4.1 shows in-situ reflectance and surface temperature traces of undoped GaN 

layers grown on the AlN buffer 1 and the GaN buffer. The AlN buffer layer is pre-

deposited on a sapphire substrate by using physical vapor deposition. At high tempera-

ture, the undoped GaN layer (HT-GaN) is grown on the AlN buffer immediately after 

desorption process (thermal cleaning) by using MOVPE. On the contrary, the GaN 

buffer is grown on a sapphire substrate at low temperature after the same desorption 

process by using MOVPE followed by HT-GaN that is directly grown on the GaN 

buffer. The AlN buffer wafer shows constant reflectance (for times ranging from 0 s to 

1600 s, as shown in Fig. 6.4.1(a)) until the growth of HT-GaN starts. As the HT-GaN is 



 

     50

grown, the reflectance increases, and the reflectance oscillation begins. The reflectance 

trace for the HT-GaN on AlN buffer indicates the direct 2-dimientional (2D) growth 

mode during HT-GaN growth. In contrast, the GaN buffer wafer shows a decrease of the 

reflectance during the annealing and initial growth of the HT-GaN due to the recrystalli-

zation of the GaN buffer layer. The initial growth of the HT-GaN on the GaN buffer 

shows a typical three-dimensional (3D) growth mode.  

 

 

Figure 6.4.1: MOVPE In-situ reflectance and surface temperature traces of (a) 

undoped GaN layer grown on AlN buffer 2 and (b) undoped GaN layer grown on 

GaN buffer. 

 

Figure 6.4.2 shows the Raman spectra of E2 (high) phonon mode of the templates. 

The E2 (high) phonon mode, which can be detected by Raman spectroscopy, is sensitive 

to changes in the elastic properties of the GaN material. The Raman shift of the GaN E2 
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(high) phonon mode has been reported by several groups, and the reported values vary 

by a relatively large range from 565 to 572 cm−1, reflecting differences in the residual 

strain in the epitaxial layer after growth [81,82]. The different peak positions of E2 

(high) phonon mode are observed in the templates. The wavenumbers of template A, B, 

and C are 569.5, 568.9, and 568 cm−1, respectively. A higher wavenumber indicates 

more compressive strain in the template. The largest difference in the peak wavenumber 

is 1.5 cm−1, which corresponds to a higher in-plane compressive stress of 0.63 GPa in 

the template A [83]. One possible reason for the higher compressive stress in the tem-

plate A and B is attributed to the smaller lattice constant of the AlN buffer. The other 

possible reason for the higher compressive stress is the growth mode of GaN layer 

grown on AlN buffer. The 3D growth mode is a way to relax the stress in the GaN layer 

grown on sapphire. Therefore, the higher compressive stress in the template A can be 

attributed to the direct 2D growth mode of the GaN layer. 

 

 

Figure 6.4.2: E2 (high) mode Raman spectra of templates with various buffers 

measured with a 532 nm laser-line excitation.   

 

6.4.2 Simulation results for LEDs grown on various templates 

There have been many reports on the use of underlayers in GaInN-based LEDs. These 

underlayers consist of a single GaInN layer or GaInN/GaN superlattice structure and 
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they are located below the active region. It has been claimed that these underlayers (i) 

reduce the V-defect density in the active region [84] and (ii) more uniformly distribute 

In atoms in the QWs [85], by changing the strain in the active region, resulting in a 

higher internal quantum efficiency and light-output power. Here, we show that strain in 

templates also could have a strong effect on the polarization fields in GaInN-based 

LEDs, specifically the electric field in the active region including the EBL.  

Figure 6.4.3 shows a relation between the template composition and the calculated 

polarization sheet charge densities at the interface between Ga0.80In0.20N QW and GaN 

QB and at the interface between GaN spacer and Al0.13Ga0.87N EBL. We assume that the 

LED structures are grown pseudomorphically on the templates and we assume the 

templates to be relaxed. The polarization sheet charge densities (i) at the interface 

between the QW and QB and (ii) at the interface between the spacer and EBL vary in 

opposite directions as the composition of the template varies.  

 

 

Figure 6.4.3: Relation between the template composition and the calculated polari-

zation sheet charge densities at the interface between Ga0.80In0.20N QW and GaN 

QB and between GaN spacer and Al0.13Ga0.87N EBL. The active-region (including 

the EBL) layers are grown pseudomorphically on the templates and the templates 

are assumed to be relaxed. 



 

     53

Figure 6.4.4 shows the calculated energy band diagram of the pseudomorphically 

grown LEDs on various templates under forward bias. In order to simulate different 

strain in the active region including the EBL, we use the calculated polarization sheet 

charge densities at the interfaces between the QW and QB and at the interface between 

the spacer and EBL for the templates of Al0.06In0.94N, GaN, and Ga0.06In0.94N. The 

polarization sheet charge densities at the QW/QB and the spacer/EBL correspond to 

50 % and 100 % of the theoretically predicted value [54], respectively, to facilitate the 

numerical convergence of APSYS modeling. For the templates, we obtain different 

compressive stress as shown in Fig. 6.4.2. When we calculate the in-plane lattice con-

stant of the template A from the measured compressive stress value, the template A has 

same in-plane lattice constant as a relaxed Al0.06In0.94N layer [83]. Therefore, the simu-

lated LED structures on the Al0.06In0.94N template and the GaN template correspond to 

the experimentally grown LED structures on template A and C. Additionally, the LED 

grown on Ga0.06In0.94N templates is simulated for the comparison. Figure 6.4.4, on its 

right-hand side, shows the conduction band diagram at the interface between 

Ga0.80In0.20N QW and GaN QB and at the interface between GaN spacer and 

Al0.13Ga0.87N EBL. The LED grown on Al0.06In0.94N template shows higher electric field 

in the QWs as well as higher difference of the conduction band edge between the left-

hand-side QB and the right-hand-side QB of the QW, compared to the LEDs grown on 

the GaN and Ga0.06In0.94N templates. In addition, the conduction band of the n-side 

becomes higher than on the p-side. This energy band structure is not favorable to pro-

mote electron capture into the QWs.  

On its right-hand side, Fig. 6.4.4 also shows the conduction band diagram at the 

spacer-to-EBL interface. The conduction band edge in the spacer layer grown pseudo-

morphically on the Al0.06In0.94N template is flat (Fig. 6.4.4(a)). The conduction band 

edge in the spacer layer has a negative slope toward EBL grown pseudomorphically on 

the GaN template and the Ga0.06In0.94N template (Fig. 6.4.4(b) and (c)). For the spacer 

grown on the Al0.06In0.94N (Fig. 6.4.4(a)), the weak electric field in the spacer less 

strongly extracts electrons from the QW. In addition, the effective barrier of the EBL is 

increased. The energy band structure of the LED grown on the Al0.06In0.94N template 

(Fig. 6.4.4(a)) is favorable to promote electron capture into the last QW. In other words, 
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the effects of the different piezoelectric polarization fields in the MQWs and EBL due to 

the different strain in the templates are counteractive with respect to the electron lea-

kage. 

 

Figure 6.4.4: Calculated energy band diagram of LEDs grown pseudomorphically 

on various templates. The LEDs are under forward bias. The insets on the right-

hand side show the conduction band diagram at the interface between QB and QW 

and at the interface between GaN spacer and Al0.13Ga0.87N EBL. 
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6.4.3 Spectral shifts of LEDs grown on various templates 

Figure 6.4.5 displays the peak emission wavelength as a function of injection current for 

the LEDs grown on the templates. Firstly, at low injection current, the peak wavelength 

for the LEDs grown on template A and B is longer than that for the LED grown on 

template C. Secondly, the blueshift of emission peak of the LEDs grown on the template 

A and B is significantly larger as compared to that for the LED grown on the template C. 

As the current increases from 10 to 400 mA, the wavelength shifts are 15.7, 13.8 and 

5.1 nm for the LED grown template A, B, and C, respectively. The In composition in the 

QWs and the thicknesses of QWs and QBs in the active region are almost identical for 

the three LED structures according to X-ray diffraction results as shown in Fig. 6.4.6. 

Therefore, the difference of the peak wavelength and the spectral shift for the LEDs 

suggests that the degree of QCSE in the QWs is different, which is consistent with the 

simulation results. We attribute the higher QCSE in the QWs of the LEDs grown on 

template A and B to the higher compressive strain in the templates as shown in 

Fig. 6.4.2. Note that the peak wavelength of the three LEDs becomes similar to each 

other after the QCSE is screened in the high current regime, which is expected for QWs 

with equal thickness and In composition as suggested by the XRD results. 

 

 

Figure 6.4.5: Measured peak emission wavelength versus forward current obtained 

from a 300 K electroluminescence measurement of blue GaInN/GaN LEDs grown 

on various templates. 



 

     56

 

Figure 6.4.6: Measured X-ray diffraction ω-2θ scans using triple-axis optics on blue 

LED structures grown on three different templates. Peaks from the AlN buffers are 

shown at 2300 arcsec for LEDs grown on templates with AlN buffers. 

 

6.4.4 Structural properties of templates grown on various buffers 

We find that a significant difference in the symmetric and asymmetric rocking curves of 

the different templates as shown in Fig. 6.4.7. The full-width at half-maximums of ω-

scans of the (002) and (102) reflections are quantitative indicators for the TD density 

with screw and edge components, respectively [86]. The TD densities (both screw and 

edge) are much lower for growth on the AlN buffer. We confirm that the TD density 

calculated from the XRD results is consistent with dark-pit density estimated from the 

atomic force microscopy (AFM) images as shown in the Fig. 6.4.8. Table 6.4.1 summa-

rizes FWHMs of (002) and (102) reflections measured by XRD rocking curves, the 

screw and edge type dislocation densities calculated from the XRD FWHMs, and AFM 

dark-pit densities obtained from three templates. 

The significant difference of TD density may also cause a difference of the strain 

in the templates as shown in the Fig. 6.4.2. TDs are generated during the strain relaxa-

tion process of epitaxial GaN layers grown on sapphire substrates. Therefore, less 

generation of TDs in the template A induces more compressive strain.  
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Figure 6.4.7: Symmetric and asymmetric X-ray diffraction peaks obtained from ω-

scan of (002) and (102) reflections for the various templates. 
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Figure 6.4.8: AFM images of three different templates. The scan area is 2 × 2 µm2. 

 

Table 6.4.1: Measured X-ray diffraction (002) and (102) full-width at half-

maximums, calculated screw and edge type dislocation densities, and atomic force 

microscopy dark-pit density obtained from various templates. 

Characterizations Template A Template B Template C 

XRD (002) FWHM (arcsec) 155 122 248 

XRD (102) FWHM (arcsec) 248 284 425 

Calculated screw type 

dislocation density (cm−2) 
4.8 × 107 3.0 × 107 1.2 × 108 

Calculated edge type 

dislocation density (cm−2) 
2.0 × 108 3.5 × 108 6.3 × 108 

AFM dark-pit density (cm−2) 1.5 × 108 2.2 × 108 4.5 × 108 

 

6.4.5 Light-output power and external quantum efficiency of LEDs 

grown on various templates  

Figure 6.4.9(a) and (b) show the measured LOP and the corresponding normalized EQE 

as a function of forward current for the LEDs grown on the three templates. The LOP as 

well as EQE of the LED grown on the template A is higher than LED grown on the 

template A and B in the measured current regime. The LOP at 400 mA and the peak 

efficiency in the LED grown on the template A is 15 and 31 % higher compared to those 

in the LED grown on the template C, respectively. The LED grown on the template B 

shows a higher efficiency in the low-current regime compared to the LED grown on the 
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template C. However, the LOP and EQE of LED grown on the template B and C become 

similar in the high current regime. The efficiency droops for the LEDs grown on the 

template A, B, and C are 35, 30, and 26 %, respectively, by using the droop definition: 

Droop = (ηpeak – η400 mA) / ηpeak.  

Based on the significant reduction of TD density and our simulation results for the 

strain effect in template, the higher efficiency droop in the LEDs grown template A and 

B is mainly related to the reduction of TD density rather than the change of the piezoe-

lectric polarization fields in the active region. The Shockley-Read-Hall nonradiative 

recombination caused by the TD density is reduced in the LEDs grown on the template 

A and B, resulting in the higher peak efficiency. Higher peak efficiency has been shown 

to result in larger efficiency droop [38]. 

 

 

Figure 6.4.9: (a) Measured light-output power and (b) normalized external quan-

tum efficiency as function of forward current of blue LEDs grown on various 

templates. 
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6.5 Conclusions 

We investigate how strain and threading dislocation density in templates affects the 

efficiency of GaInN-based light-emitting diodes that are pseudomorphically grown on 

the templates. The templates consist of GaN layers grown on either an AlN or a GaN 

buffer layer (nucleation layer). The template based on the AlN buffer shows higher 

compressive strain and low threading dislocation density compared to the template based 

on the GaN buffer. We simulate the LED structures grown pseudomorphically on the 

templates having different strain in order to investigate the effect of strain in the tem-

plate on the polarization field and efficiency for the LED structures. We show that the 

strain in the templates significantly affects the polarization field in the LED structure. 

The higher compressive strain in the template increases the polarization sheet charge 

density at the interface between the GaInN quantum well and the GaN quantum barrier 

grown on the template. The energy band diagram of the QWs and the QBs for the LED 

grown on the templates having higher compressive strain is not favorable to promote 

electron capture into the QWs. However, the higher compressive strain also decreases 

the polarization sheet charge density at the interface between GaN spacer and AlGaN 

electron blocking layer. The energy band diagram of the spacer and the EBL for the 

LED grown on the templates having higher compressive strain is favorable to promote 

electron capture into the last QW. Therefore, the effects of the piezoelectric polarization 

fields in the multiple quantum well and electron blocking layer due to the different strain 

in the templates are counteractive with respect to the electron leakage. As evidence of 

higher piezoelectric polarization field in QW, a larger spectral shift of the emission band 

is observed for the LEDs grown on the template having higher compressive strain, when 

increasing the injection current. Finally, we find that the LEDs grown on the template 

based on the AlN buffers having high compressive strain shows enhanced light-output 

power and external quantum efficiency. This enhancement can be attributed to a reduced 

threading dislocation density rather than the changed polarization fields in the active 

region that are inferred from our simulation results. 
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7. Summary and future work 

 

This dissertation presented important findings related to the development of 

GaN-based light-emitting diodes. Below is the summary of significant results 

and conclusions. In addition, the readers of this dissertation may be interested 

in knowing some suggestions for future work. Therefore, I summarize promis-

ing directions for future work based on my work. 

 

7.1 Summary 

 Internal quantum efficiency of blue LEDs with polarization-reduced MQWs by the 

use of GaN binary, GaInN ternary, and AlGaInN quaternary barriers is investi-

gated  by using APSYS simulation. Among the LEDs with various QBs materials, 

the LED with MQWs consisting of the polarization-matched-quaternary AlGaInN 

QBs reveals absence of efficiency droop due to the complete polarization match. In 

addition, we find that even LEDs with partially polarization-matched-ternary 

GaInN QBs give a similarly decreased efficiency droop at high currents. Al-free 

Ga1−yInyN QBs reduces the polarization mismatch with respect to the Ga1−xInxN 

QWs (x > y). The reduction in polarization mismatch between QW and QB of 

Ga0.80In0.20N/Ga0.90In0.10N MQW structures compared with Ga0.80In0.20N/GaN 

MQW structure is 50 %. 

 We present GaInN LEDs with GaInN QBs, rather than conventional GaN QBs, to 

reduce polarization mismatch between the GaInN QWs and the QBs. The electro-

luminescence spectra of the GaInN/GaInN LED show much less blueshift with 

increasing injection current as compared to the GaInN/GaN reference LED. The 

forward voltage is reduced for the GaInN/GaInN LED due to reduced energy bar-

riers for electron and hole transport. In addition, the pit density in the 

GaInN/GaInN MQW is much reduced and correlated to a reduced reverse leakage 

current in the GaInN/GaInN LED. Furthermore, the light-output power and exter-

nal quantum efficiency of the GaInN/GaInN LED are much improved over those of 

the GaInN/GaN reference LED. These results are attributed to the reduction of po-
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larization mismatch and the reduction of lattice mismatch in the MQW active re-

gion by using GaInN QBs.  

 We investigate LEDs grown on AlN and GaN buffer layers. Si-doped GaN grown 

on AlN buffers shows more compressive strain compared to that grown on GaN 

buffer. The increased compressive strain in the Si-doped GaN on AlN buffers is at-

tributed to the smaller lattice constant of the AlN buffer as well as the reduced 

threading-dislocation density in the Si-doped GaN layer on AlN buffers. As a re-

sult of the increase in compressive strain in the Si-doped GaN layer, we find larger 

spectral shift of the LED emission line when increasing the injection current for the 

LEDs grown on AlN buffers compared to the LEDs grown on GaN buffer. In addi-

tion, we find a lower threading-dislocation density on undoped GaN layers grown 

on AlN buffers compared to that grown on GaN buffer. As a result of the lower 

threading-dislocation density, we find a significantly enhanced light-output power 

and external quantum efficiency in the LEDs grown on AlN buffers.  

 

7.2 Future work 

 I propose to study the effect of Si doping in quantum barriers on the efficiency 

droop in light-emitting diodes. Free charge carriers provided by Si doping in the 

active region can screen the QCSE. An optimum Si doping can enhance the ma-

terial quality and reduce the forward voltage of LEDs. In addition, we expect that 

the efficiency droop is likely to depend on the Si doping level in quantum barriers 

because the Si doping can screen the polarization field resulting in the change of 

carrier confinement in the active region and carrier leakage from the active region. 

Also, it is expected that there is an optimum Si doping level showing the lowest ef-

ficiency droop in the conventional GaInN/GaN MQW LEDs. 

 I propose to study the effect of EBL structures on the efficiency droop in 

GaInN/GaN MQW LEDs and GaInN/GaInN MQW LEDs. To improve the effi-

ciency of LEDs, the EBL has played an important role in effectively confining 

electrons in the MQW active region of most GaN-based LEDs. However, the EBL 

layer acts as a barrier which can reduce hole injection efficiency from p-type GaN 

layer into the MQW active region because of high Al content in the EBL layer. The 
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reduction of hole injection efficiency could result in the increase of the forward 

voltage, and eventually, the decrease of the wall plug efficiency.  By controlling 

the Al composition and thickness of EBL, a different hole injection efficiency as 

well as a different carrier confinement could be obtained in the LED structure. Fur-

thermore, we expect that there is different optimum Al contents in the EBL in the 

LEDs with differently polarization matched MQW active region to obtain an opti-

mum carrier confinement as well as an optimum hole injection. 
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Appendix A.1: Investigation of variation of LED performance 

from on-wafer measurement 

 

In order to compare different LED structures evaluated by on-wafer measure-

ments, the average and standard deviation in LED properties across a single 

wafer must be measured. With the measured values of average and standard 

deviation across one wafer, then the difference between LED wafers can be 

investigated. In this Appendix, forward voltages of two LED wafers with dif-

ferent EBL structures are compared. Based on the average and standard 

deviation of voltages in the each LED wafer, we can determine whether the 

difference of voltage between two LED wafers is significant.  

 

An LED wafer is obtained using various processes, such as epitaxial growth and fabrica-

tion. During the epitaxial growth of an LED wafer, various layers are grown at different 

growth conditions. During the fabrication of an LED wafer, various processes such as 

photolithography, metallization, etching, and passivation are used. Therefore, it is likely 

that there is a variation of LED performance between LEDs across the wafer. In order to 

compare a series of LED wafers with different LED structures, the average of the 

performance and its standard deviation across each wafer should be investigated.  

Figure A.1.1 shows I-V characteristics of two LED wafers. The only difference be-

tween the LED wafers is the EBL structure. 2010-152 LED wafer does not have a Mg-

doped AlGaN EBL and 2010-153 LED wafer has a 25 nm thick Mg-doped Al0.18Ga0.82N 

EBL. For our LED process, the typical size of a processed LED wafer is a quarter of a 

2 inch wafer.  Three LEDs at a similar position are measured from each LED wafer. 

LEDs at two different positions are measured to investigate the uniformity of the wafer 

as shown in the insets of Fig. A.1.1. From the I-V curves in Fig. A.1.1, some statistical 

results on the LED forward voltage at 500 mA are summarized in Table A.1.1.  

Depending on the type of wafers and the measurement positions, different averages 

and standard deviations of voltage at 500 mA are obtained. From both LED wafers, 

LEDs at the center position show a lower average forward voltage and a larger standard 

deviation. The difference in forward voltage between different measurement positions on 
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the same wafer results mainly from the non-uniformity of the wafer. However, the 

forward voltages in 2010-152 LED are much lower than those of 2010-153 LED at any 

measurement position. In addition, the difference in forward voltages between the two 

LED wafers is much larger than their standard deviation of the forward voltages on one 

wafer. Therefore, we can conclude that the electrical forward-voltage property of 2010-

152 LED is much better than that of 2010-153 LED. 

 

 

Figure A.1.1: I-V characteristics of two different LED wafer at different positions 

in on-wafer measurement. 
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Table A.1.1: Statistical results of the voltage at 500 mA for the LED devices at 

different measurement positions. 

Wafer 
ID 

Measurement 
position 

Voltage at 500 mA (V) Average 
(V) 

Standard 
deviation 

(V) Device 1  Device 2 Device 3 

2010-
152 

Center 5.44 5.21 5.36 5.337 0.213 

2010-
152 

Inner 5.08 5.25 5.46 5.263 0.190 

2010-
153 

Center 7.61 7.62 7.76 7.663 0.084 

2010-
153 

Inner 7.08 7.23 7.28 7.197 0.104 
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Appendix A.2: Optical power measurement for on-wafer LEDs 

 

In this Appendix, an optical power measurement method for on-wafer LEDs is 

discussed. Without using an integrating sphere, a simple way to measure the 

optical power of an LED is described. 

 

The optical power of LEDs is typically measured by using an integrating sphere. The 

integrating sphere photometer was introduced to measure the luminous flux of light 

sources. The integrating sphere is an optical component consisting of a spherical hollow 

cavity; its interior is coated with a highly diffusive material (i.e., white color). Instead of 

using an integrating sphere, we introduce a simple way to measure the optical power for 

LEDs that are located on an LED wafer. 

We use a Si photodetector of round shape with a diameter that is as large as possible. 

For the following optical power measurements, we employ a detector with a diameter of 

0.9 cm. The detector should be as close as possible to the LED wafer backside and the 

detector should be centered about the LED. The detector can have (i) no bias, or (ii) a 

negative bias. We bias our detector to −5 V to ensure high responsivity. Figure A.2.1 

shows the responsivity of the Si detector we used for the measurements.  The spectral 

responsivity of the Si photodetector at 442 nm is 0.22 A/W. 

 

 

Figure A.2.1: Spectral responsivity of the Si photodetector at a bias of 0 V [A.2.1]. 
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We measured the emission spectra of our LED at different injection currents. The peak 

emission wavelength of our LED is 442 nm at 20 mA as shown in Fig. A.2.2. 

 

 

Figure A.2.2: 300 K electroluminescence spectra of the blue LED with GaInN/GaN 

MQW at different injection currents. 

 

Figure A.2.3 shows a measured photocurrent of an LED with no gap between the 

LED wafer and photodetector. We obtain a measured photocurrent of 0.35 mA at a 

forward current of 20 mA.  Then, the calculated optical power calculated from the 

spectral responsivity is 1.6 mW. We assume that the correction factor for the total power 

emitted by the LED between on-wafer measurement and integrating sphere measurement 

is 2.5 [A.2.2]. In addition, we assume that the correction factor for the power emitted 

between an on-wafer-measured LED and an encapsulated LED ship is 1.5 [A.2.2]. By 

using the assumptions, the estimated optical power that would be emitted by the encap-

sulated LED is about 1.6 mW  2.5  1.5 = 6 mW. 
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Figure A.2.3: Measured photocurrent of the blue LED with no gap between LED 

wafer and photodetector. 

 

The absolute external quantum efficiency can be expressed as 

 

LEEIQE
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eI

hp 
 

(A.2.1) 

where ηEQE is the external quantum efficiency, P is the optical power, h is Planck’s 

constant, hν is the energy of a photon, I is the forward current, ηIQE is the internal 

quantum efficiency, and ηLEE is the light-extraction efficiency. By using 6 mW as P, 

2.77 eV as hν, and 20 mA as I, we obtain 11 % for the external quantum efficiency of 

the LED. 
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Reference 

[A.2.1] http://www.thorlabs.com/thorProduct.cfm?partNumber=SM1PD2B&pn=SM1

PD2B (accessed in 2010) 

[A.2.2] W. Lee, S. Chhajed and E. F. Schubert, unpublished (2010) 
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Appendix A.3: Calculation of dislocation density from X-ray dif-

fraction linewidth 

 

X-ray diffraction is a convenient method to calculate the threading dislocation 

density in semiconductors. In this Appendix, basic equations to calculate 

screw and edge type dislocation density from a measured X-ray spectrum are 

introduced. The dislocation density is calculated from the full-width at half-

maximum of diffraction lines. In addition, for undoped GaN layers grown on 

sapphire substrates, a relationship between XRD (002) and (102) FWHM and 

screw- and edge-type dislocation density, respectively, are presented.  

 

As introduced in Chapter 5, group III-nitride materials grown on highly latticed-

mismatched substrates result in numerous threading dislocations (TDs) that impact 

device performance and lifetime. This drives a need for developing convenient methods 

to measure the TD density. Availability of the TD density supports our efforts to im-

prove III-nitride materials, and to assess the impact of the TD density on device 

performance.  

One promising way to measure the TD density non-destructively is by XRD. Com-

monly, on-axis reflections of high intensity are measured [for example, (00l) reflections 

for (001)-oriented epilayers] in which their FWHM values are taken as a figure of merit 

for the crystalline quality. In contrast, estimating total dislocation densities in (001)-

oriented GaN epitaxial layers requires measuring (hkl) reflections with h or k ≠ 0. Highly 

imperfect layers are often described as mosaic crystals which can be characterized by 

their mean tilt and twist angles (often simply called tilt and twist). The tilt and twist 

angles describe the rotation of the mosaic blocks out-of-plane and with-in-plane of the 

epitaxial layers, respectively. The tilt of (001)-oriented GaN layers can be correlated to 

the density of screw type TDs with Burgers vector b = [0001], while the twist is con-

nected to the density of edge type TDs with b = 1/3 1120. Therefore, the common 

XRD (002) rocking curve only provides information regarding the screw type disloca-

tion density while the XRD (102) rocking provides information regarding both screw- as 

well as edge-type dislocation density [A.3.1].  



 

     79

The contributions due to tilt and twist from a rocking curve can be described using 

the flowing equation for the (hkl) XRD FWHM: 

 
222
zyhkl   (A.3.1) 

where Γhkl is the measured FWHM of the Bragg peak, Γy is the measured FWHM of the 

XRD (00l) peak, and Γz is the measured FWHM of the XRD (h00) or (0k0) peak [A.3.2]. 

XRD (002) and (102) peaks are used to calculate the screw- and edge-type TD density. 

The equation (A.3.1) can be expressed as 

 22
002

2
102 z  (A.3.2) 

where Γ002 and Γ102 is the measured FWHM of XRD (002) and (102) peak, respectively. 

Finally, the equations for the screw and edge type dislocation density, ρscrew and ρedge, 

respectively, are given by 
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where c and a is out-of-plane and in-plane lattice constant, respectively. 

Next, we consider an example: Assume that for a GaN epitaxial layer grown on 

sapphire substrate, the measured FWHM values of XRD (002) and (102) peaks are 

200 arcsec and 400 arcsec, respectively. Then the screw- and edge-type TD density can 

be calculated by using equation (A.3.3) and (A.3.4), respectively. 
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     80

Figure A.3.1 shows the relationship between measured XRD (002) and (102) 

FWHM and the calculated screw and edge type dislocation densities by using equation 

(A.3.3) and (A.3.4). 

 

 

Figure A.3.1: Relationship between XRD (002) and (102) FWHM and calculated (a) 

screw and (b) edge type dislocation density. 
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