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Abstract 

The molecular beam epitaxy growth, fabrication, characterization and device applications 

of III-nitride nanowire heterostructures on Si (111) are presented in this dissertation. By improving 

the epitaxial growth process, we have achieved, for the first time, p-type conduction of InN. We 

report on the observation of ambipolar transport characteristics of InN:Mg nanowires at room-

temperature, providing unambiguous evidence that the Fermi level is fundamentally unpinned on 

the grown surfaces of InN. Furthermore, our work suggests that defects and the incorporation of 

impurities on the grown surfaces of InN are the primary causes of the commonly measured 

accumulation of electrons and Fermi-level pinning. We also report on the achievement of 

electroluminescence emission of single InN p-i-n nanowire light emitting diodes (LEDs). 

Electroluminescence emission with a peak energy of 0.71 eV (1.75 μm) was observed at 77 K. The 

measurement of near-bandgap electroluminescence provides unambiguous evidence for the 

achievement of p-type conduction of InN. 

We have demonstrated the selective area epitaxial growth (SAG) of AlxGa1-xN nanowire 

arrays using Ti mask. We show that the luminescence peak emission of the AlGaN nanowires 

grown by SAG technique can be tuned from 327 nm to 210 nm. The AlGaN deep ultraviolet (DUV) 

LEDs operating at 279 nm exhibit excellent optical and electrical performance, including an 

internal quantum efficiency (IQE) of ~45% at room-temperature and a light output power of ~3.5 

W/cm2 at an injection current of 500 A/cm2. By further exploiting the advantages of SAG AlxGa1-

xN nanowire arrays, we have also demonstrated that nearly dislocation-free semipolar AlGaN 

templates can be achieved on c-plane sapphire substrate through controlled nanowire coalescence 
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by selective-area epitaxy. The coalesced Mg-doped AlGaN layers exhibit superior charge carrier 

transport properties, including a free hole concentration of ~7.4×1018 cm-3 and mobility ~8.85 

cm2/V·s at room-temperature. The semipolar AlGaN UV LEDs demonstrate excellent optical and 

electrical performance, including an IQE of ~83% at room-temperature and a device turn-on 

voltage of ~3.3 V. This work establishes the use of engineered nanowire structures as a viable 

architecture to achieve large-area, dislocation-free planar photonic and electronic devices. This 

unique concept will also enable the scaled up manufacturing of large-area, low-cost 

semipolar/nonpolar GaN and/or AlN templates/substrates. 

We also report on the demonstration of GaN/AlGaN nanowire edge emitting lasers 

operating in the UV spectral range. The nanowire heterostructures were monolithically grown on 

sapphire substrate using a selective area growth process. The nanowire lasers exhibited an ultralow 

threshold current of ~10.6 mA at room-temperature under continuous wave operation. This work 

provides a viable approach for achieving conventional edge emitting lasers by using nearly 

dislocation-free nanowire structures, thereby offering a new avenue for achieving ultralow 

threshold ultraviolet lasers that were not previously possible.  
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Abrégé 

L'épitaxie par jets moléculaires, la fabrication, la caractérisation et les applications des 

dispositifs à base de nanofils en III-N sur un substrat de Si (111) sont présentés dans cette thèse. 

En améliorant considérablement le processus de croissance épitaxiale, nous avons réalisé, pour la 

première fois, la conductivité de type p du InN. Nous rapportons l'observation des caractéristiques 

de transport ambipolaire dans les nanofils en InN:Mg à température ambiante, prouvant que le 

niveau de Fermi est fondamentalement désépinglé sur les surfaces en InN. En outre, notre travail 

suggère que les défauts et l'incorporation d'impuretés sur les surfaces en InN sont les principales 

causes d’accumulation d’électrons communément mesurée et l’épinglage du niveau de Fermi. 

Nous rapportons également sur la réalisation des émissions par électroluminescence de diodes 

électroluminescentes (LED) p-i-n composées de nanofils uniques en InN. Des émissions avec une 

énergie de pointe de 0,71 eV (1,75 um) ont été observées à 77 K. La mesure de 

l’électroluminescence au quasi-bandgap fournit une preuve sans équivoque pour la réalisation de 

conductivité de type p du InN. 

Nous avons démontré la croissance épitaxiale sélective (SAG) de réseaux de nanofils 

d’AlxGa1-xN en utilisant un masque en Ti. Nous montrons que l’émission de lumière des nanofils 

en AlGaN obtenus par la technique SAG peut être variée de 327 nm à 210 nm, couvrant le spectre 

ultraviolet en entier. Notre LED en AlGaN fonctionnant à 279 nm démontre d'excellentes 

performances optiques et électriques, y compris une efficacité interne quantique (IQE) de ~ 45% 

à la température ambiante et une puissance de sortie lumineuse de ~ 3,5 W/cm2 avec un courant 

d'injection de 500 A/cm2. En exploitant davantage la SAG de réseaux de nanofils en AlxGa1-xN, 

nous avons également démontré que l’AlGaN semi-polaire presque libre de dislocations peut être 
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obtenu sur un substrat de saphir grâce à la coalescence des nanofils contrôlée par SAG. Ces 

couches d’AlGaN dopées de Mg présentent des propriétés supérieures de transport de porteurs de 

charge, y compris une concentration de trous libres de ~7.4×1018 cm-3 et de mobilité ~8,85 cm2/V·s 

à température ambiante. Les LEDs UV en AlGaN semi-polaire démontrent d'excellentes 

performances optiques et électriques, y compris une IQE de ~ 83% à température ambiante et un 

seuil de tension de ~3,3 V. Ce travail établit l'usage des structures de nanofils afin de produire des 

dispositifs photoniques et électroniques à grande surface et libre de dislocations. Ce concept 

unique permettra également la fabrication à grande échelle et à faible coût de GaN semi-

polaire/apolaire et/ou d’AlN. 

Nous rapportons finalement sur la démonstration de diodes laser en nanofils de 

GaN/AlGaN émettant dans la gamme spectrale UV. La croisance monolithique des 

hétérostructures de nanofils a été effectué sur substrat de saphir en utilisant un processus de 

croissance sélective. Les lasers en nanofils présentent un courant de seuil ultra-faible de ~10.6 mA 

à température ambiante et onde entretenue. Ce travail fournit une approche viable pour la 

réalisation de diodes laser classiques en utilisant des structures de nanofils pratiquement sans 

dislocation, offrant ainsi une nouvelle voie pour la réalisation de lasers ultraviolets à seuils ultra-

faibles ce qui n’était pas possible auparavant. 

 

 

 

 

 

 



ix 

 

Acknowledgement  

This doctoral dissertation would not be completed successfully without the supervision, support 

and encouragement from many people. I would like to express my sincere appreciation to every 

individual who was involved in this thesis work. 

 First of all, I would like to express my great and sincere gratitude to my brilliant, 

knowledgeable supervisor, Professor Zetian Mi who has provided tremendous support during my 

PhD study in both personal life and research. Most impressively, he has endless motivation and is 

available almost 24/7 to discuss about my projects, suggest solutions and new ideas. Under his 

supervision, I have achieved not only a great progress in research work but also research attitude 

as well as motivation. This dissertation would not be possible without his guidance, advice and 

encouragement. I would also like to express my sincere appreciation to Professor Ishiang Shih and 

Professor Vamsy Chodavarapu for their valuable questions, comments and suggestions during 

examinations and evaluation of the thesis work. I also wish to acknowledge my PhD defense 

committee members, Professors Thomas Szkopek, Xiuyu Liu, Jun Song, Pouya Valizadeh for their 

interest, evaluation and valuable suggestions.  

 I am sincerely grateful to my co-supervisor, Professor Thomas Szkopek for insightful 

discussions and advices about transport measurements and other research topics. My special 

appreciation is to his generosity for my access to his lab tools and setups.  

During my PhD study, I am greatly indebted to my group members for their assistance and 

discussions. My special thanks to: Dr. Saeed Fathololoumi, Dr. Hieu P. T. Nguyen, Dr. Songrui 

Zhao, Dr. Qi Wang, Dr. Shamsul Arafin, Dr. K. H. Li, Dr. Yong Ho Ra, Dr. Omid Salehzadeh, 

Hong Nhung Tran, M. Hadi Tavakoli Dastjerdi, Mehrdad Djavid, Andy Shih, Shizhao Fan, Bander 



x 

 

Alotaibi, Sharif M. Sadaf, Md Golam Kibria, Ashfiqua Connie, M. F. A. Chowdhury, Yongjie 

Wang, Renjie Wang, Yuanpeng Wu, Roksana Rashid, and Xianhe Liu. A special thank is to David 

Laleyan for translating the abstract to French.  

Besides the great assistance from my group members, I wish to express my great 

appreciation to our collaborators including Professor Gianluigi A.Botton, Steffi Y. Woo, A. 

Pofelski at McMaster University for (S)TEM studies. Great appreciation I would like to send to 

McGill nanotools microfab members, including Dr. Matthieu Manini, Donald Berry, Jun Lee, Dr. 

Lino Eugene, Dr. Zhao Lu, Dr. Sasa Ristic, Peng Yang for their technical supports and discussions. 

I would also like to thank Nicole MacDonald, Jean-Philippe Masse, Christophe Clément and 

Marie-Hélène Bernier at Ecole Polytechnique, Montreal for their support, training, discussion on 

FIB, TEM, EBL and cleanroom tools.  

Last but not least, I would like send my great gratitude to my grandparents, my parents 

Huy-Son Le and Thi-Hang-Nga Nguyen, my parents-in-law Van-Thuc Tran and Thi-Hoa Luong 

and all my brothers, sisters and relatives for their love, support, encouragement and strong belief 

in my study. Sincere and special thanks are dedicated to my wife also my colleague, Hong-Nhung 

Tran and our beloved daughter Tran-Thanh-Thu Le who have been always with me under any 

circumstance, I am thankful for her endless support, assistance, patience, encouragement and love. 

This thesis work would not be possible without financial support for equipment and 

facilities. I am thankful to Natural Sciences and Engineering Research Council of Canada 

(NSERC), the Fonds de recherché sur la nature et les technologies, Canada Foundation for 

Innovation, and the Hydro-Quebec Nano-Engineering Program at McGill University for their 

financial supports to my research.  

 



xi 

 

List of Figures 

Figure 1-1: The bandgap of the group III-nitride alloys as a function of lattice constant, covering 

nearly entire the solar spectrum [1]. ............................................................................................... 1 

Figure 1-2: The lattice mismatch of InN to different substrates, ranging from ~7% to 27% [48]. 3 

Figure 1-3: Band line-ups for various semiconductors and insulators [49]. .................................. 4 

Table 1-1: Lattice parameters and thermal expansion coefficients for III-nitride semiconductors 

(AlN, GaN) and the commonly used substrates. ............................................................................. 8 

Figure 1-4: Mg acceptor energy level in AlxGa1-xN alloys. ........................................................... 9 

Figure 1-5: Low temperature photoluminescence (PL) spectra of AlxGa1-xN, showing the 

dependence of the electric field of PL (E) on its relative direction to the c-axis, i.e. either parallel 

(∥) or perpendicular (⊥). As seen, the dominant PL emission of GaN (x = 0) is with polarization of 

𝑬 ⊥ 𝒄  while that of AlN is with polarization of 𝑬 ∥ 𝒄. ................................................................ 10 

Figure 1-6: The summary of EQE for UV LEDs operating from ~230 nm to 400 nm. As seen, 

EQE decreases drastically for devices operating at shorter wavelengths. .................................... 11 

Figure 1-7: (a) Temperature-dependent and (b) excitation power-dependent photoluminescence 

spectra of nominally non-doped InN nanowires [59]. .................................................................. 12 

Figure 1-8: An 45°-titled SEM image of intrinsic InN nanowire grown by improve MBE 

technique. It is seen that the nanowires exhibit nontapperd hexagonal structure. ........................ 14 

Figure 1-9: (a) Power-dependent PL spectra of a single non-doped InN nanowire measured at 5 

K. (b) PL spectral linewidth and peak energy as a function of laser power at 5 K [120]. ............ 15 

Figure 1-10: Room-temperature PL spectra of AlxGa1-xN nanowires grown on Si (111) substrate 

by MBE with various Al composition to tune emission wavelength [143]. ................................. 18 



xii 

 

Figure 2-1: Schematic diagram of GaAs nanowire grown by VLS approach, showing entire 

evolution of nanowire formation [157]. ........................................................................................ 25 

Figure 2-2: Schematic illustration of differential sticking coefficient mechanism in spontaneous 

nanowire formation process by using MBE. The relevant processes such as incorporation, 

desorption, diffusion and nucleation are included [152]. ............................................................. 27 

Figure 2-3: (a) GENxplor molecular beam epitaxial growth system. (b) 45°-tilted view SEM 

image of GaN nanowires grown by MBE..................................................................................... 28 

Figure 2-4: Cross-sessional STEM image of coalesced GaN nanowires. The network of structural 

defects including stacking faults and dislocations at the coalesced boundary are indicated by black 

arrows and white box. ................................................................................................................... 29 

Figure 2-5: 45°-tilted view SEM image showing GaN nanowire arrays selectively grown in the 

opening apertures using SAG technique. ...................................................................................... 31 

Figure 2-6: Peak wavelength of SAG AlGaN nanowires as a function of Al content. ............... 33 

Figure 3-1: 45º-tilted SEM images of Mg-doped InN grown on Si (111) substrate with Mg cell 

temperature of 230 ºC. .................................................................................................................. 40 

Figure 3-2: XPS studies of non-doped (a) and Mg-doped InN nanowires with different Mg doping 

concentrations, i.e. (b) – (f) correspond to Mg cell temperatures of 190°C – 240°C, respectively 

[137]. ............................................................................................................................................. 41 

Figure 3-3: (a) A schematic plot of InN nanowire-based field effect transistor in the 3-terminal 

configuration, to derive metal-semiconductor contact resistance; (b) A SEM image of a single Mg-

doped InN nanowire device. Inset: single Mg-doped InN dispersed onto pre-patterned substrate.

....................................................................................................................................................... 43 



xiii 

 

Figure 3-4: The FET characteristics of Mg-doped InN wires (sample A) at room temperature. (a) 

ISD-VSD characteristics. (b) ISD-VGD dependence under VSD = 30 and 50 mV, indicating ambipolar 

transport. The arrow denotes the minimum ISD position. (c) Schematic band diagrams showing 

carrier density on wire surfaces: hole accumulation layer at VGD < VTh (left) and inversion layer at 

VGD > VTh > 0 (right). .................................................................................................................... 45 

Figure 3-5: (a) Electrical transport of Si-doped InN nanowire-based FET (sample B) measured at 

room-temperature. ISD as a function of VGD at given VSD of 20 and 30 mV. The arrow indicates 

threshold gate voltage VTh and solid brown lines are linear fits. (b) Schematic band diagram 

showing the electron accumulation layer of Si-doped InN nanowire-based field effect transistors 

at VGD > VTh, indicating near surface Fermi level pinning deep in conduction band. .................. 48 

Figure 3-6: (a) Schematic plot of p-i-n InN nanowire structure grown on Si (111) substrate. (b) 

An SEM image of as-grown p-i-n InN nanowires on Si (111) substrate taken with a 45º angle. 51 

Figure 3-7: The PL spectrum of a single p-i-n InN wire measured at 77 K under 8 mW excitation. 

Also shown in the figure are the normalized PL spectra of non-doped and Si-/Mg-doped InN 

nanowires grown on Si substrate with Si and Mg cell temperatures of 1250°C and 210°C, 

respectively. .................................................................................................................................. 52 

Figure 3-8: (a) Schematic illustration of single InN p-i-n nanowire LED on Si substrate. (b) An 

SEM image of the fabricated single p-i-n InN LED. (c) I-V characteristics measured at 77 K of 

single InN nanowire-based LED device. Inset: I-V characteristics of the device under forward and 

reverse bias in semi-log scale. (d) Integrated EL intensity as a function of injection current 

measured at 77 K. Inset: electroluminescence spectra measured at 750 µA. ............................... 54 

Figure 4-1: Left: Nanoscale hole arrays defined by typical electron beam lithography process on 

10 nm Ti mask on planar GaN template on c-plane sapphire substrates. Right: Schematic of the 



xiv 

 

selective area epitaxy of GaN/AlGaN nanowire arrays on 2D GaN template on c–plane sapphire 

substrate. ....................................................................................................................................... 59 

Figure 4-2: A 45°-tilted angle SEM image showing GaN/AlGaN nanowire arrays selectively 

grown in the opening apertures. .................................................................................................... 60 

Figure 4-3: (a) Tunable photoluminescence spectra of AlxGa1-xN nanowire arrays measured at 

room-temperature under excitation power of ~ 50 mW; (b) AlxGa1-xN peak wavelength as a 

function of Al composition xAl. ..................................................................................................... 61 

Figure 4-4: A SEM image of AlGaN nanowires grown both in openings and on Ti mask, indicating 

low growth selectivity. .................................................................................................................. 62 

Figure 4-5: (a) Schematic diagram of AlGaN DH nanowire based LED structure. (b) A SEM 

image of AlGaN DH nanowires taken under 45°-tilted angle. ..................................................... 64 

Figure 4-6: (S)TEM studies. (a) STEM-HAADF image of an array of non-coalesced AlGaN 

nanowires in cross-section along {1120} zone-axis, showing the prismatic nature at the sidewalls 

and c-plane tendencies at the nanowire center. (b, c) Elemental maps from STEM-EELS showing 

the variations in Ga and Al elemental distribution within the AlGaN heterostructure and the n-GaN 

nanowire template. (d) Detailed image of the AlGaN heterostructure from boxed region in (a). (e, 

f, g) High-magnification images of the interfacial regions within the AlGaN heterostructure from 

boxed region in (d) and (c)............................................................................................................ 65 

Figure 4-7: (a) Excitation power-dependent PL spectra measured at 300 K. Each spectrum was 

normalized by its individual peak intensity and shifted vertically for display purpose; (b) PL 

linewidth and peak energy as functions of excitation power. (c) PL spectra measured at 300 K and 

20 K under an excitation power of ~50 mW. E1, E2 and E3 correspond to peak emission from 

Al0.48Ga0.52N active region, Al0.6Ga0.4N cladding layers and GaN-related, respectively. (d) 



xv 

 

Arrhenius plots of the integrated PL intensity measured from 20 to 300 K for the active region 

(E1) emission and the whole spectra. ........................................................................................... 68 

Figure 4-8: A SEM image of AlGaN DH nanowires spin-coated with a polyimide layer. Nanowire 

top surfaces are revealed by a dry etching process. ...................................................................... 70 

Figure 4-9: (a) Schematic illustration of AlxGa1-xN LED device with a metal contact; (b)Typical 

I-V curve of AlxGa1-xN nanowire DH based LEDs with device size 50 × 50 µm2. Inset: I-V 

characteristics of device under forward and reverse bias under semi-log scale; (c) 

Electroluminescence (EL) spectra of AlGaN DUV LEDs measured under different injection 

currents. (d) Integrated EL intensity and peak position as a function of current density measured 

at room-temperature under pulsed biasing conditions (duty cycle of 1%). .................................. 71 

Figure 5-1: (a) Schematic illustration of the coalescence of mis-oriented nanowires, resulting in 

low-angle grain boundaries represented by a basic grid-like simple cubic structure. Insets: Top and 

side views showing in-plane and out-of-plane mis-orientations, respectively. (b)  Illustration of the 

absence of dislocations when two nanowires with nearly identical orientations are coalesced. 

Insets: Top and side views showing dislocation-free structures, respectively. ............................. 76 

Figure 5-2: (a) Left: Arrays of nanoscale opening apertures defined by e-beam lithography process 

on a Ti mask on planar GaN template on c-plane sapphire substrate. Right: Schematic of the 

selective area epitaxy of GaN nanowire arrays on the nano-patterned substrate. (b)  45°-tilted view 

SEM image showing GaN nanowire arrays selectively grown in the opening apertures. Inset: High-

magnification SEM image of GaN nanowire arrays. (c)  Illustration of the concept of gradual 

coalescence process that leads to the formation of semipolar AlGaN film structures. (d) Top-view 

SEM image of the AlGaN film structure formed through controlled coalescence of AlGaN 

nanowire arrays grown on sapphire substrate with a lattice spacing a ~250 nm and a lateral size h 



xvi 

 

~180 nm for each opening. Inset: High-magnification SEM image of coalesced AlGaN nanowire 

arrays. ............................................................................................................................................ 79 

Figure 5-3: (a) Schematic setup of Hall effect measurements of Mg-doped AlGaN layers using 

standard Van der Pauw configuration. (b) An optical image of fabricated device for Hall effect 

measurements. ............................................................................................................................... 81 

Figure 5-4: (a) Variation of Hall mobility and hole concentration of Mg-doped AlGaN contact 

layer as a function of temperature. (b) Hole concentration of p-AlGaN as a function of reciprocal 

temperature. Dashed line is the fitting result of the Arrhenius plot. ............................................. 82 

Figure 5-5: (a) Schematic diagram showing AlGaN double heterostructure (DH) LED structure. 

(b) SEM image of coalesced AlGaN nanowire LED structure. (c) STEM-HAADF image of an 

array of coalesced AlGaN nanowires in cross-section along {1120} zone-axis, showing the apex-

like prismatic nature of the nanowires and the coalescence boundaries marked by red arrows. (d)-

(e) High-magnification images of the fully coalesced boundaries from boxed region in (c). (f) 

Elemental maps from STEM-EELS showing the variations in Ga and Al elemental distribution 

within the AlxGa1−xN DH and the n-GaN nanowire template. (g) Diffraction pattern from the FFT 

of the image in (h) indicating the pyramid apex are aligned along the c-axis growth direction. The 

extra satellite reflections (circled in red) with a spacing of 𝑔1103/5 in the 1103
 
direction 

correspond to the periodicity of the chemical ordering within the AlGaN alloys. (h) High-

magnification view of the boxed region in (e) showing the strong image intensity modulations 

parallel to the faceting along 1103
 
in all layers within the AlGaN DH. Bright band at the i-

AlGaN/AlGaN:Mg interface is attributed to projection effects. ................................................... 85 



xvii 

 

Figure 5-6: STEM-HAADF images of a pair of coalesced AlGaN nanowires in cross-section along 

{1120} zone-axis. (a) High-magnification image of the n-GaN nanowire template region at the 

air-gap below the coalescence boundary. Macroscopic termination of the inclined surface is a 

  

{44 01 } plane. (b) Detailed view of the red-boxed region in (a), showing atomic-scale nano-facets 

made up of m-plane (1100)(dotted lines) and s-plane 

   

(1101) (solid lines) surfaces. ................... 87 

Figure 5-7: (a) STEM-HAADF image of an array of AlGaN nanowires in cross-section along 

{1120} zone-axis with varying degree of coalescence between adjacent nanowires. Two threading 

dislocations (arrowed in red) in the planar GaN template are also visible; as shown in the inset, 

one dislocation propagated to the nanowire above and is bent towards the nanowire sidewall. (b) 

Elemental maps using STEM-EELS from the nanowire boxed in green in (a) showing the 

variations in Ga and Al elemental distribution within the AlxGa1−xN DH and the n-GaN nanowire 

template. Minor segregation of Al at the coalescence boundary on the right is visible. (c) Higher 

magnification view of the nanowire region boxed in blue in (a). (d)-(e)-(f), various detailed views 

of regions marked in (c) of the top AlGaN:Mg layer. .................................................................. 88 

Figure 5-8: (a) Photoluminescence (PL) spectra measured at 300 K and 20 K under an excitation 

power of 4 mW. E1, E2 and E3 correspond to peak emission from Al0.14Ga0.86N active region, 

Al0.35Ga0.65N cladding layers and GaN, respectively. (b) Variations of the integrated PL intensity 

vs. inverse temperature for the active region (E1) emission and the whole spectra. ..................... 91 

Figure 5-9: (a) Schematic illustration of semipolar AlGaN LED device with metal contacts. (b) 

Typical I-V curve of AlGaN semipolar LEDs with device size 100×100 µm2. Inset: I-V 

characteristics plotted in semi-log scale. (c) Electroluminescence (EL) spectra of semipolar AlGaN 

LEDs measured under different injection currents. (d) Light output power vs. current density 

measured at room-temperature under pulsed biasing conditions (duty cycle of 1%). .................. 93 



xviii 

 

Figure 6-1: (a) Schematic illustrations of GaN/AlxGa1-xN MQW nanowire heterostructures grown 

on sapphire substrate and complete edge emtting laser device. (b) A SEM image of SAG MQW 

nanowire heterostructures on Ti mask pre-patterned substrate. (c) Room-temperature PL spectrum 

of nanowire heterostructures. (d) SiO2/Air Distributed Bragg reflectors. .................................. 100 

Figure 6-2: (a) I-V characteristics measured at room-temperature of GaN/AlxGa1-xN MQWs 

nanowire-based laser device. Inset: I-V characteristics of the device under forward and reserve 

bias in a semi-log scale. (b) Fabry-Pérot modes measured under CW biasing conditions at room-

temperature. ................................................................................................................................ 101 

Figure 6-3: (a) Integrated light intensity as a function of injection current characteristics of 

nanowire-based edge emitting laser. Red arrow indicates the threshold current density. (b) 

Electroluminescence spectra below (red) and above (blue) threshold current. Inset: spectral 

linewidth ~0.2 nm. ...................................................................................................................... 102 

Figure 6-4: TE- and TM-polarized electroluminescence emission spectra acquired at room 

temperature under continuous wave bias. ................................................................................... 103 

Figure 7-1: Schematic illustration of AlGaN dot-in-nanowire based devices by selective area 

growth approach.......................................................................................................................... 106 

Figure 7-2: (a) A SEM image of nanowall heterostructures grown on pre-patterned sapphire 

substrate by MBE. (b) Schematic illustration of GaN/AlxGa1-xN nanowall based devices. (c) A 

SEM image of fabricated nanowall based devices. .................................................................... 108 

Figure 7-3: (a) Current-voltage characteristics of AlGaN nanowall based devices. (b) Room-

temperature EL spectrum with injection current of 0.5 mA. Spectral linewidth of ~0.2 nm. .... 109 

Figure 7-4: (a) Schematic illustration of AlN/AlGaN stripe plasmonic laser operating in UV range. 

(b) A SEM image of as-grown AlN/AlGaN stripe. (c) I-V characteristics of stripe laser. (d) Room-



xix 

 

temperature EL spectrum of stripe laser measured under continuous wave condition. Spectral 

linewidth ~ 0.5 nm. ..................................................................................................................... 111 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xx 

 

List of Tables 

Table 1-1: Lattice parameters and thermal expansion coefficients for III-nitride semiconductors 

(AlN, GaN) and the commonly used substrates. ............................................................................. 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 

 

List of Acronyms 

2D Two Dimension 

CBE Chemical Beam Epitaxy 

CCD Charge Coupled Device 

CVD Chemical Vapor Deposition 

CBM Conduction Band Minimum 

CNL Charge Neutral Level 

DH Double Heterostructure 

DUV Deep Ultraviolet 

EBL Electron Beam Lithography 

EL Electroluminescence 

ELO Epitaxial Lateral Overgrowth 

EQE External Quantum Efficiency 

FET Field Effect Transistor 

FIB Focused Ion Beam 

FRS Free Spectral Range 

FWHM Full Width at Half Maximum 

HAADF High Angle Annular Dark Field 

HEMT High Electron Mobility Transistor 

HVPE Hydride Vapor Phase Epitaxy 

IQE Internal Quantum Efficiency 

IR Infrared 



xxii 

 

LED Light Emitting Diode 

LD Laser Diode 

MBE Molecular Beam Epitaxy 

MOCVD Metal-Organic Chemical Vapor Deposition 

MOVPE Metal-Organic Vapor-Phase Epitaxy 

MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor 

MQW Multiple Quantum Well 

NIR Near Infrared 

NW Nanowire 

PAMBE Plasma Assisted Molecular Beam Epitaxy 

PL Photoluminescence 

QCSE Quantum Confined Stark Effect  

QD Quantum Dot 

RF Radio Frequency 

RIE Reactive-Ion Etching 

SAE Selective Area Epitaxy 

SAG Selective Area Growth 

SEM Scanning Electron Microscopy 

SIMS Secondary Ion Mass Spectroscopy 

STEM Scanning Tunneling Electron Microscope 

TD Threading Dislocation 

TE Transverse Electric 

TEM Transmission Electron Microscopy 



xxiii 

 

TM Transverse Magnetic 

UV Ultraviolet 

VBM Valence Band Maximum 

VLS Vapor-Liquid-Solid 

XRD X-Ray Diffraction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxiv 

 

Contribution of Authors  

This dissertation works includes a collection of manuscripts written by the candidate and his 

supervisor, Professor Zetian Mi. The results presented in this thesis are the collaborations of many 

individuals with their valuable contributions. The molecular beam epitaxial growth of nanowire 

and nano-stripe structures was performed by Dr. S. Zhao, X. Liu and the candidate. The patterns 

for selective area epitaxial growth were prepared by X. Liu and the candidate. The (S)TEM studies 

including imaging and analysis were carried out by Steffi Y. Woo, A. Pofelski, Prof. G. A. Botton 

in the Canadian Centre for Electron Microscopy, a national facility supported by NSERC, the 

Canada Foundation for Innovation, and McMaster University. The device fabrication including 

single nanowire-based LEDs, single nanowire transistors, UV and DUV LEDs, plasmonic stripe 

lasers and edge emitting lasers was performed by the candidate with some assistance from H. N. 

Tran and X. Liu. Other important assistances including tool maintenance, lab organization, 

material orderings are greatly contributed by all lab members. 

    



1 

 

Chapter 1: Introduction 

1.1.  III-Nitride Optoelectronics: Current Status and Challenges 

In the past decades, group III-nitride semiconductors, including InN, GaN, AlN and their 

alloys, have attracted a significant level of interest due to their excellent optical and electrical 

transport properties, including high electron mobility, large saturation velocity, large electric 

breakdown field, and extreme chemical stability [1-6]. Tremendous progress has been made in the 

development of III-nitride compound heterostructures for applications in light emitting diodes 

(LEDs) [7-16], laser diodes (LDs) [13, 17-23], photodetectors [24-27], solar cells [28-31], as well 

as high electron mobility transistors (HEMTs) [32-35] and sensors [36-38]. As direct energy 

bandgap materials, III-nitride semiconductors can absorb and emit light covering a broad 

wavelength range, from the deep ultraviolet (DUV), through the visible, to the near infrared 

wavelengths, encompassing the entire solar spectrum, shown in Figure 1-1 [1, 2]. 

 

Figure 1-1: The bandgap of the group III-nitride alloys as a function of lattice constant, covering 

nearly entire the solar spectrum [1]. 



2 

 

The importance of III-nitride materials in general and GaN-based materials in particular has been 

concretely realized by the Nobel Prize 2014 in Physics awarded to Profs. Isamu Akasaki, Hiroshi 

Amano, and Shuji Nakamura for their invention of GaN-based blue LEDs. Today, GaN-based 

materials are the materials of choice for LED lighting, radio-frequency electronics, and many 

others. However, the performance of conventional III-nitride quantum well LEDs and LDs exhibit 

very poor performance in the visible, near-infrared and UV/DUV spectral ranges, due to the 

presence of large densities of defects and dislocations, inefficient p-type conduction, and strong 

polarization fields and the resulting quantum-confined Stark effect. In Section 1.1.1 and 1.1.2, we 

provide a detailed overview of the current status and major challenges of In(Ga)N and Al(Ga)N 

epilayers, respectively.  

1.1.1. Indium nitride (InN) and Indium-rich InGaN epilayers 

To date, efforts have been largely devoted to developing GaN-based optoelectronic and 

electronic devices in the visible and ultraviolet spectral range. Much less efforts have been made 

to develop InN and In-rich InGaN alloys. Nevertheless, InN is of importance amongst III-nitride 

semiconductor group because of its unique properties. InN has a very narrow bandgap (~0.65 eV). 

There has been a 30-year history with significant efforts to unveil the real band gap of InN. The 

major breakthrough started from 2002. By using molecular beam epitaxy, the crystal quality of 

InN has been much improved. As a result, the bandgap of InN was revised from ~1.89 eV [39] to 

a much narrower value of ~0.65 eV [2, 40-44]. The large discrepancy in InN bandgap with previous 

reports is believed to be related to Burstein-Moss effect [45]. This discovery extends the 

fundamental bandgap, in other words, spectral range of group III-nitride semiconductors from the 

deep ultraviolet (DUV) at ~0.2 μm (6.2eV for AlN) to the near infrared (NIR) at ~1.9 μm (0.65eV 

for InN), which therefore opens up lots of potential applications. Secondly, amongst III-nitride 
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family, InN possesses the highest electron mobility (~12000 cm2/V·s) and the largest electron 

saturation velocity (~108 cm/s) at room-temperature [46, 47]. Lastly, InN has a very large 

absorption coefficient which is ~105 cm-1 in the visible spectrum range and ~104 cm-1 in the 

telecommunication wavelength (Figure 1-1) [41, 42, 45]. However, the realization of practical InN 

planar-based devices has been still primarily limited by three major practical challenges: (1) lack 

of suitable substrate; (2) unintentional propensity for n-type doping; (3) surface electron 

accumulation.  

 

Figure 1-2: The lattice mismatch of InN to different substrates, ranging from ~7% to 27% [48]. 

 

Shown in Figure 1-2 is the lattice mismatch percentage of various commercialized substrates 

to InN which is in range of ~7% to ~27%. In addition, apart from Si, other substrates are very 

expensive which makes InN-based device growth on these substrates not practical. As seen, the 

lowest lattice mismatched substrate to InN is Si, which, however, is still very large, 7%. The direct 

consequence of large lattice mismatch is the presence of large densities of structural defects and 

dislocations. Those structural defects lead to other issues for InN-based applications which has 
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been commonly observed in other narrow bandgap materials such as InAs and InSb. Moreover, 

the large lattice mismatch with GaN (~11%) results in the formation of In-rich clusters in InGaN 

ternary compounds, due to In phase separation.  

Secondly, InN has an extremely large electron affinity (~5.8eV) and the conduction band 

minimum (CBM) positions well below most of the defect levels. Illustrated in Figure 1-3 is the 

band line-ups for a range of semiconductors and insulators.  

 

Figure 1-3: Band line-ups for various semiconductors and insulators [49]. 

 

As seen, the charge neutrality level (CNL), i.e. the location halfway Fermi level, is positioned ~1.2 

eV above the CBM. Consequently, defects or impurities in InN are generally donor-like, resulting 

in extremely high background electron concentrations even for nominally undoped InN [50-54]. 

The large background electron concentration induces a large Burstein-Moss shift of the 

fundamental bandgap. As a consequence, the Fermi level lie inside the conduction band or other 

words optical absorption edge commonly measured using transmission/reflection spectroscopy is 
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pushed into conduction band; this explains the previous observation of a large bandgap of ~1.89 

eV of InN [45]. Later on, tremendous efforts have been devoted to reducing the background 

electron concentration which is closely related to the improvement of material crystal quality by 

different growth approaches including metal-organic chemical vapor deposition (MOCVD), and 

plasma-assisted molecular beam epitaxy (MBE), in order to realize intrinsic InN epilayers but with 

limited success.  

The third major challenge of InN epilayers is associated with uncontrolled surface charge 

property and/or surface electron accumulation which is in range of ~1013 cm-2 and have been near-

universally measured on the grown surfaces of InN [51, 53, 55].  Previously, surface electron 

accumulation, i.e., surface Fermi-level pinning deep in the conduction band, had been considered 

as a fundanmental property of InN [49, 50, 56]. Later on, by using first-principles calculations, C. 

G. Van de Walle and D. Segev predicted that the electron accumulation could exist at polar surface, 

meanwhile it could be absent at non-polar planes [57]. The theory prediction is consistent with 

experimental results for polar surfaces [55, 58].  However, for non-polar planes, this has remained 

a highly debatable issue: serveral reports show the presence of surface electron accumulation[59-

61], but there have been also a few experimental studies reporting an absence of electron 

accumulation [62-64]. 

Clearly, the lack of suitable substrate, strong n-type characteristics of nominally non-doped 

InN, and uncontrolled surface charge properties  have severely limited the direct measurement of 

p-type conduction in InN epilayers, and further limited practical device applications of InN-based 

materials. 
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1.1.2. Aluminum nitride (AlN) and Aluminum-rich AlGaN epilayers 

Optoelectronic devices, including LEDs and LDs, with emission wavelengths in the UV 

spectral region (200-365 nm) have been developed using Al(In)GaN-based semiconductor, which 

are of tremendous importance for a wide range of applications in lighting, display, air-water 

purification, disinfection, chemical and biochemical sensors, and white-light generation via 

phosphor excitation [65-67]. In the past decades, mercury and Xenon lamps have been used widely 

as a source of UV emission. However, these light sources are expensive, not friendly to 

environment due to presence of mercury, have short lifetime, and require high voltage 

operation[68]. More importantly, the emission wavelength cannot be tuned, limiting their practical 

operations. On the other hand, in contrast to mercury-based UV lamps, AlGaN-based UV LEDs 

are emerging as promising candidates for UV light sources because of its many advantages, 

including cost-effective, mercury-free, long-life, low-to-moderate voltage operations, etc. [69]. To 

date, however, the performance of such devices degrades considerably with decreasing operation 

wavelength, i.e. increasing Al content, which is mainly due to increasing densities of defects and 

dislocations during epitaxial growth [70-72]. For example, the currently reported maximum light 

output powers for AlGaN multiple quantum well (MQW) deep ultraviolet LEDs for the peak 

wavelengths of 241 nm, 256 nm and 284 nm are 1.1 mW, 4.0 mW and 10.6 mW, respectively [71]. 

The highest reported external quantum efficiency (EQE) of 279 nm emission is as low as 7% [73-

75]. The internal quantum efficiency (IQE) drops drastically from ~50% to less than 1% for the 

LEDs operating in the wavelength range of 250-300nm to 210 nm, respectively [67, 76, 77]. The 

AlGaN QW lasers also exhibit very poor performance with decreasing wavelength. The shortest 

wavelength of electrically injected AlGaN QW laser have been reported so far is 336 nm, with the 

threshold current density on the order of 10 kA/cm2 [78, 79]. To date, the major challenges of III-
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nitride UV light sources are: (1) large densities of defects and dislocations; (2) inefficient p-

doping; (3) strong polarization fields; (4) unique TM polarization of the light emission.   

Large densities of defects and dislocations: As afore-described in previous Sections, III-nitride 

semiconductors have been grown on different kinds of substrates, such as SiC, sapphire, Si which 

have various lattice constants and thermal expansion coefficients, as summarized in Table 1-1 [3]. 

The direct consequence is related to formation of structural defects and threading dislocations (TD) 

and cracks during epilayer growth process [69]. 

Substrate Material Symmetry Lattice Constant (Å) Thermal Expansion 

Coefficient (×10-6/K) 

Wurtzite GaN Hexagonal a = 3.189 

c = 5.185  

5.59 

3.17 

Wurtzite AlN Hexagonal a = 3.189 

c = 5.185 

4.2 

5.3 

α-Al2O3 Hexagonal a = 4.758 

 c = 12.991 

7.5 

8.5 

Si Cubic a = 5.4301 3.59 

GaAs Cubic a = 5.6533 6 

6H-SiC Hexagonal a = 4.758 

 c = 12.991 

… 

… 

3C-SiC Cubic a = 4.36 … 

InP Cubic a = 5.8693 4.5 

GaP Cubic a = 5.4512 6.45 

MgO Cubic a = 4.216 10.5 
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ZnO Hexagonal a = 3.252 

 c = 5.213 

2.9 

4.75 

MgAl2O4 Cubic a = 8.083 7.45 

Table 1-1: Lattice parameters and thermal expansion coefficients for III-nitride semiconductors 

(AlN, GaN) and the commonly used substrates. 

 

To date, dislocation densities on the order of 108 cm-2, or higher have been commonly measured 

in AlGaN and/or InGaN heterostructures grown on sapphire, SiC and other foreign substrates [13, 

80, 81]. Many approaches have been investigated extensively to reduce dislocation densities, 

including insertion of a low temperature AlGaN/AlN layer [82, 83], pulsed atomic layer deposition 

technique, and epitaxial lateral overgrowth (ELO) [84-88]. With the use of epitaxial lateral 

overgrowth method, significantly reduced dislocation densities (~106 cm-2) have been achieved in 

GaN film structures [84, 89-91]. A limitation of this approach, however, is that dislocation 

reduction occurs primarily over the mask regions, instead of the entire film [84, 86]. 

Inefficient p-doping: For III-nitride semiconductors, magnesium (Mg) is typically used as p-type 

dopant. With increasing bandgap energies from ~0.65eV for InN through ~3.4eV for GaN to 

~6.2eV for AlN, the activation energies for Mg dopant also increase accordingly, i.e. ~61 meV for 

InN, ~166 meV for GaN, ~550 meV for AlN, respectively [92-94]. For deep UV application, 

inefficient p-doping issue becomes more pronounced. Typically, the activation energy of a Mg 

acceptor in AlxGa1-xN increases from ~160 meV to ~500 meV with increasing Al composition 

from 0% to 100% corresponding to fraction x from 0 to 1, respectively [95-98] as shown in Figure 

1-4, which makes the realization of high-efficiency DUV-LEDs difficult. Owning to the high 

acceptor ionization energy, the commonly measured hole concentration in Mg-doped AlN epilayer 

is as low as ~1010 cm-3 [76].  Meanwhile, the realization of p-type conduction in narrow bandgap 
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InyGa1-yN have been severely limited by the commonly measured surface electron accumulation 

[93, 99].  

 

Figure 1-4: Mg acceptor energy level in AlxGa1-xN alloys. 

 

Strong polarization fields and unique TM polarization of the light emission: Another major 

challenge for achieving high performance LEDs and lasers operating in the deep visible and deep 

UV spectral ranges is the large polarization fields associated with the conventional c-plane of 

wurtzite III-nitrides [100-104]. For the AlxGa1-xN epilayers grown along c-axis, the optical 

emission is strongly polarized, i.e. electric field of photoluminescence (E) of GaN is perpendicular 

to c-axis (𝑬 ⊥ 𝒄), known as transverse electric (TE) and that of AlN is parallel to c-axis (𝑬 ∥ 𝒄), 

known as transverse magnetic (TM)  [105, 106]. The relative emission intensity of the 
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preferred/predominant polarization of the emitted light in AlxGa1-xN compounds also changes 

significantly with the varied Al composition, shown in Figure 1-5.  

 

Figure 1-5: Low temperature photoluminescence (PL) spectra of AlxGa1-xN, showing the 

dependence of the electric field of PL (E) on its relative direction to the c-axis, i.e. either parallel 

(∥) or perpendicular (⊥). As seen, the dominant PL emission of GaN (x = 0) is with polarization of 

𝑬 ⊥ 𝒄  while that of AlN is with polarization of 𝑬 ∥ 𝒄. 

 

The unique light polarization property of AlxGa1-xN prevents the light extraction from the top 

surface of conventional c-plane Al-rich AlGaN UV LEDs, which drastically degrades the 

performance of LEDs. Illustrated in Figure 1-6 is a summary of reported EQE for UV LEDs 

operating at different wavelength regions, in the range of 230 nm – 400 nm [107]. As can be seen, 

for the devices emitting in UV-C range, the EQE is on the order of ~0.1% and the output power of 

a few tens of nW for AlN LEDs, which are not suitable for practical applications.  
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Figure 1-6: The summary of EQE for UV LEDs operating from ~230 nm to 400 nm. As seen, 

EQE decreases drastically for devices operating at shorter wavelengths.  

 

To date, large densities of defects and dislocations, inefficient p-doping, and strong 

polarization fields are three major challenges of AlGaN-based UV LEDs, which have severely 

limited practical applications. 

1.2.  III-Nitride Nanowire Heterostructures: Promises and Challenges 

The afore-mentioned fundamental challenges of III-nitride semiconductors can be partly 

alleviated by using nanowire structures due to the highly efficient strain relaxation to nanowire 

lateral surface [108]. So far, research studies have shown that it is possible to grow dislocation-

free III-nitride nanowires (NWs) on various crystalline and amorphous substrates, including Si, 

sapphire, SiO2 with significantly reduced dislocation densities [43, 108-115]. This redirects the 

worldwide research interest to develop III-nitride nanowire heterostructures. In what follows, a 



12 

 

brief overview of the recent development as well as current challenges of III-nitride nanowires 

prior to this thesis work is provided. 

1.2.1. InN nanowires  

1.2.1.1.  Current status of nondoped InN nanowires 

Given the afore-mentioned advantages of InN and nanowire structures, tremendous efforts 

have been devoted to grow InN nanowires as well as improve nanowire quality. To date, InN 

nanowires have been grown by using either the vapor-liquid-solid process or the spontaneous 

formation under nitrogen-rich conditions [53, 60, 113, 116-118]. Recently, both CVD and MBE 

have become the most popular techniques to grow InN nanowires/nanorods [53, 60, 113, 117]. 

The grown nanowires, however, generally exhibit tapered morphology with poor optical and 

electrical properties, including extremely broad PL linewidth, high background electron density 

and low electron mobility. For instance, illustrated in Figure 1-7 is the typical photoluminescence 

spectra of nondoped InN nanowires grown on Si (111) substrate by MBE [59].  

 

Figure 1-7: (a) Temperature-dependent and (b) excitation power-dependent photoluminescence 

spectra of nominally non-doped InN nanowires [59]. 
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It can be seen that the full-width-at-half-maximum (FWHM) of PL spectra is very broad, i.e. ~ 80 

–100 meV and the PL peak energies are noticeably higher than the bandgap energy of InN (~650 

–700 meV).  More importantly, the peak energies did not show dependences in both temperature 

and excitation power, which is largely due to the dominance of a very high background electron 

concentration. Moreover, the background electron concentration of nominally non-doped InN 

nanowires is normally in the order of 1018 cm-3 or even higher, and the electron mobility measured 

at room-temperature is in range of 100–470 cm2/V·s, which is much lower than theoretical 

calculation [53, 59, 109, 113, 118]. Increasing efforts have been devoted to further optimize InN 

nanowire quality and very recently by using an improved MBE growth process with carefully 

controlled growth parameters, non-tapered and nearly homogeneous intrinsic InN nanowires have 

been grown successfully for the first time [43]. The improved MBE growth includes the deposition 

of a thin in situ In seeding layer (~0.6 nm) prior to the growth initiation. At elevated temperature, 

it will from nanoscale droplets, which will promote the nucleation and nanowire formation later 

on. By utilizing this approach, nuclei size is much more well-controlled than the spontaneous 

formation in which the nuclei size is random. A scanning electron microscope (SEM) image of 

non-doped InN nanowires grown on Si substrate by this MBE process is shown in Figure 1-8.  
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Figure 1-8: An 45°-titled SEM image of intrinsic InN nanowire grown by improve MBE 

technique. It is seen that the nanowires exhibit nontapperd hexagonal structure. 

 

As seen, the nanowires exhibit nearly perfect hexagonal structure with identical top and bottom 

size. It is also important to mention that the direct growth of InN on Si substrate, which is the most 

suitable substrate in terms of lattice and thermal mismatches, is not straightforward because of the 

initial formation of a thin amorphous SiNx layer [43, 119]. Detailed high-resolution transmission 

electron microscope (TEM) studies suggested that there is no dislocation or stacking fault in the 

nanowire structure. Those intrinsic InN nanowires grown by improved MBE process exhibit 

excellent optical and electrical properties, including extremely narrow PL linewidth of ~9 meV 

[120-122]. For such narrow linewidths the residual electron densities are estimated to be in range 

of 1015 cm-3 [121], nearly two or three orders of magnitude lower than commonly reported values 

for InN nanowires and thin films. The band filling effect has been clearly observed for these 

nanowires (Figure 1-9). 
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Figure 1-9: (a) Power-dependent PL spectra of a single non-doped InN nanowire measured at 5 

K. (b) PL spectral linewidth and peak energy as a function of laser power at 5 K [120]. 

 

These non-doped InN nanowires grown by the improved MBE technique also show superior 

electrical transport properties measured by using nanoprobe technique , including room-

temperature electron concentration and mobility of 1013 cm-3 and 12000 cm2/V·s, respectively 

[123]. The achievement of intrinsic InN nanowires with very low background electron 

concentration and the elimination of electron accumulation at grown surfaces are of utmost 

importance for InN studies, which paves the way for a direct detection of p-type conduction in InN 

and the demonstration of InN-based optoelectronic devices.  

1.2.1.2. p-Type InN Nanowires: State of The Art and Major Challenges 

As discussed in previous Sections, the recent discovery of InN with a narrow bandgap of 

~0.65eV [40, 41] has generated tremendous interest for III-nitride based near-infrared 

optoelectronic and high speed electronic devices [124-127]. To date, however, the realization of 

any practical devices has been fundamentally limited by the poor material quality of conventional 
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InN, which generally exhibits very large background electron concentration (~1018 cm-3 or higher) 

[53, 55]. Moreover, surface electron accumulation has been near-universally measured on the 

grown surfaces of InN [51, 53, 55]. Consequently, the direct measurement of p-type conduction is 

greatly overwhelmed by the presence of an electron accumulation layer, severely limiting their 

practical device applications [52, 94]. To date, Mg is the most popular and effective dopant in p-

type doping of InN although other dopants such as manganese (Mn) and zinc (Zn) have also been 

suggested [52, 128-132]. This is because Mg has no d electron and turns out to be sufficiently 

shallow for p-type doping.  However, the direct achievement p-type conduction of Mg-doped InN 

has remained elusive. For example, in Mg-doped InN, hole mobility and concentration can only 

be estimated through indirect measurements, including thermoelectric-power studies and a 

combination of electrolyte capacitance voltage (ECV) and sheet conductivity measurements [133, 

134]. The resulting hole mobility (~10 to 60 cm2/V·s) is also significantly smaller than that 

predicted for high quality InN [135]. As the result, the realization of electroluminescence (EL) 

emission from InN p-i-n diodes has not been possible.  

Another issue related to the progress of p-type InN is associated with surface Fermi-level 

pinning. Recent theoretical studies suggested that the Fermi-level can be unpinned on 

reconstructed non-polar InN surfaces [136], and such an unpinned Fermi-level was experimentally 

confirmed at the in situ cleaved non-polar surfaces [62]. On the grown surfaces of InN, however, 

electron accumulation has been commonly measured [51, 53]. To date, these InN structures 

generally exhibit large densities of defects and/or dislocations, with the background electron 

concentration on the order of 1018 cm-3, or higher. As a consequence, little attention has been paid 

to the impact of defects and impurity dopant incorporation on Fermi-level pinning and surface 

charge properties of InN.  
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As described in Section 1.2.1.1, with the afore-mentioned molecular beam epitaxial growth 

process, superior quality InN nanowire structures can be achieved directly on Si substrate recently 

[43]. In this catalyst-free growth process, the formation of surface defects and dislocations is 

greatly minimized [121, 122, 137]. The residual electron density can be as low as low-to-mid 1013 

cm-3 for nominally non-doped InN, and the room-temperature electron mobility can reach 12000 

cm2/V·s, approaching the theoretical prediction [123, 138]. More importantly, it was measured that 

the nanowire grown surfaces were free of surface electron accumulation for both non-doped and 

Mg-doped InN nanowires, which has led to the direct measurement of p-type conduction in Mg-

doped InN [137, 139]. With the incorporation of Si dopant, however, such nanowires show clear 

evidence of Fermi-level pinning [121]. These studies have further added heat to the ongoing debate 

of the surface charge properties of InN. 

1.2.2. Al(Ga)N Nanowires 

As describe in previous Section, while tremendous progress has been made in Al(GaN)-

planar based devices, the performance and operation of such devices are, however, fundamentally 

limited by the presence of large densities of defects and dislocations, the strong polarization fields, 

and the inefficient p-doping in AlGaN materials. These critical challenges can be potentially 

alleviated with the use of nanowire structures. Recently, with the use of nanowire structures, high 

efficiency LEDs have been demonstrated in the visible range [140, 141]. It has been recently 

showed that compared to conventional planar structure, III-nitride nanowires can be largely free 

of dislocations and piezoelectric polarization field [142]. Shown in Figure 1-10 is PL spectra of 

AlGaN nanowires, tuning from UV-A to UV-C range. In fact, nanowire structures can offer several 

fundamental advantages, including low defect densities, much reduced strain-induced polarization 

fields, and significantly enhanced Mg dopant incorporation.  
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Figure 1-10: Room-temperature PL spectra of AlxGa1-xN nanowires grown on Si (111) substrate 

by MBE with various Al composition to tune emission wavelength [143]. 

 

For example, recently, highly efficient AlxGa1-xN nanowire based double heterostructure LEDs 

operating at ~340 nm were grown by MBE under nitrogen-rich condition. The nanowire-based 

devices exhibited superior electrical and optical properties, including an IQE of ~59% measured 

at room-temperature [144]. After that, Zhao et al. successfully demonstrated nearly defect-free 

AlN nanowires. The fabricated LEDs exhibit high efficiency DUV emission with IQE at room-

temperature of ~70-80% [145], which is nearly an order of magnitude higher than planar AlN 

devices [77]. Moreover, as above-mentioned, emitted light of conventional c-plane AlN-based 

planar LEDs can only be extracted from the side wall because of the intrinsic TM polarization in 

AlN. In contrast, it has been recently shown that the dominant light emission can be from nanowire 

top surface along the c-axis due to the strong light scattering and coupling effects among the 

nanowires with optimized diameter and spacing [146]. 
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Obviously, III-nitride nanowire structure offers many advantages, and have emerged as a 

promising candidate to achieve efficient LEDs operating in wide range emission from DUV to 

NIR. However, the realization of efficient nanowire LEDs operating in the DUV wavelength range 

has been still limited. To realize high efficiency AlGaN nanowire LEDs, any optical scattering 

loss related to variations of nanowire size, density, and spacing should be substantially reduced. 

Therefore, the epitaxial growth and structural properties of such nanowire arrays need to be 

carefully controlled and engineered and these issues will be experimentally solved and discussed 

in this thesis. 

1.3.  Summary of the Contribution and the Organization of this Dissertation 

This thesis work has further contributed to fundamental understandings of InN nanowires by 

utilizing improved molecular epitaxial growth technique. By investigating the transport 

characteristics of InN nanowire field effect transistor, the direct evident of p-type conduction in 

InN is demonstrated which has not been shown prior to this thesis work. In the research topic, we 

first aim to provide a unified picture of the variation of surface charge properties of InN by 

examining, at the individual nanowire level, the correlation between surface Fermi-level tuning 

and dopant incorporation. It is observed that InN:Mg nanowires can exhibit clear ambipolar 

transport characteristics at room-temperature, providing unambiguous evidence that the Fermi-

level is fundamentally unpinned on the grown surfaces of InN. Such a behavior, however, is not 

measured in Si-doped InN nanowires, which is explained by Si-donor surface segregation and the 

resulting electron accumulation. At room-temperature, the derived two-dimension (2D) hole 

concentration on the nanowire surface can reach ~5.3×1010 cm-2 in Mg-doped InN nanowires, and 

the hole mobility is estimated to be ~130 cm2/V·s. This study reveals that Fermi-level pinning is 
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not a fundamental property of InN, and it can be engineered through controlled dopant 

incorporation. 

In addition, InN p-i-n nanowire structures were grown directly on Si (111) substrate by 

plasmas-assisted molecular beam epitaxy. Subsequently, such nanowire structures were 

transferred to SiOx coated Si substrate for the fabrication of single InN nanowire LEDs. 

Electroluminescence emission with a peak energy of 0.71 eV (1.75 μm) was observed at 77 K 

under various injection currents for the first time. The realization of electrically injected InN 

nanowire LEDs has paved the way for the development of III-nitride based functional 

optoelectronic devices in the near-infrared wavelength range.  

In the research topic on AlGaN nanowires, the thesis mainly focuses on developing AlGaN 

nanowires grown by selective area epitaxial growth. In this work, we have performed a detailed 

investigation of the selective area growth of large-area GaN/AlGaN nanowire arrays on n–GaN 

template on c–plane sapphire substrate. Such nanowire structures exhibit highly uniform diameter 

distribution and strong photoluminescence in the wavelength range of ~280 nm (UV-C) and ~340 

nm (UV-B). Moreover, with the use of selective area growth technique, we have achieved 

dislocation-free AlGaN templates through controlled nanowire coalescence. This work 

demonstrates the use of dislocation-free nanowire arrays as a monolithically integrated architecture 

to realize high performance planar UV photonic devices. We have also demonstrated, for the first 

time, electrically injected AlGaN nanowire edge-emitting lasers. 

The thesis is organized as follow. Chapter 1 provides a brief overview of III-nitride 

semiconductors including their advantages and challenges for device applications for both epilayer 

and nanowire structures. In this chapter, the progress to achieve intrinsic and p-type InN nanowires 

is reviewed, and the key factors that limit the performance of practical InN-based devices are also 
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discussed. Furthermore, we provide an overview on the recent developments and major challenges 

of Al-rich AlGaN epilayer and nanowire structures. 

In Chapter 2, growth techniques of III-nitride nanowires, including vapor-liquid-solid, 

spontaneous nanowire formation in nitrogen-rich condition, and selective area epitaxial growth 

techniques will be discussed. 

In Chapter 3, the first demonstration of p-type InN nanowires will be presented. In this 

chapter, the growth mechanism as well as transport properties of Si-/Mg-doped InN nanowires are 

discussed. The first observation of electroluminescence of InN nanowire-based devices will be 

presented, which also provides unambiguous evidence for the realization of p-type conduction in 

Mg-doped InN nanowires. 

In Chapter 4, selective area epitaxial growth of AlxGa1-xN nanowires by MBE is reviewed. 

In this chapter, we have performed a detailed investigation of the SAG of large-area ternary 

AlxGa1-xN nanowire arrays on n–GaN template on c–plane sapphire substrate. The 

photoluminescence spectra of ternary AlGaN nanowires array can be tuned from 210 nm to 327 

nm by varying Al content. 

In Chapter 5, we present the controlled coalescence of AlGaN nanowire arrays and the 

demonstration of nearly dislocation-free semipolar AlGaN templates on sapphire substrate. The 

achievement of high efficiency semipolar AlGaN UV LEDs through controlled nanowire 

coalescence is also discussed.  

In Chapter 6, we report on the first demonstration of electrically pumped nanowire edge-

emitting laser operating in the UV spectral range. The design, epitaxy, fabrication, and 

performance characteristics are thoroughly discussed.  
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Finally, conclusion and future work are presented in Chapter 7. The future work includes in 

the development of AlGaN dot-in-nanowire heterostructures, the demonstration of nanowall deep 

UV LEDs and lasers for high power operation, and the achievement of ultralow threshold 

electrically pumped deep UV plasmonic lasers.   
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Chapter 2: Molecular Beam Epitaxial Growth of III-Nitride 

Nanowire Heterostructures 

2.1.  Introduction 

Given the afore-mentioned potential advantages of III-nitride nanowire structure, tremendous 

efforts have been devoted to growing these materials. Many different techniques for the 

forming/growth/synthesis III-nitride nanowires have been developed and commonly used such as 

top-down dry etching, direct reaction of Ga/In metals with NH3, chemical vapor deposition, MBE, 

chemical beam epitaxy (CBE), and hydride vapor phase epitaxy (HVPE). The underlying growth 

mechanisms have been extensively studied, involving the use of metallic catalysts in the vapor-

liquid-solid (VLS) growth process, the spontaneous nanowire formation under nitrogen-rich 

conditions or the selective area epitaxial growth on patterned substrates. In this Chapter, an 

overview of the development as well as major challenges of conventional spontaneous nanowire 

and selective area epitaxial growth techniques will be discussed in Section 2.1 and 2.2, 

respectively. 

2.2.  Spontaneous Nanowire Formation and the Issues 

As discussed in the previous Section, III-nitride nanowires have attracted tremendous 

attention for advanced use in future nanometer-scale electron and optical devices. Freestanding 

vertical nanowires/nanocolumns on substrate are increasingly attractive to III-V optoelectronic 

devices because of their unique properties, including dislocation-free, highly efficient light 

extraction, and strain relaxation properties. In the past, the common growth/synthesis techniques 

of III-nitride nanowires included top-down dry etching [147-149], chemical vapor deposition, VLS 
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[150], molecular beam epitaxy [43, 151, 152], chemical beam epitaxy [153], and hydride vapor 

phase epitaxy [154]. Amongst these growth processes, VLS and spontaneous nanowire formation 

under nitrogen-rich conditions have been extensively studied. 

2.2.1. Vapor-Liquid-Solid Growth  

In the early 1960s, the main approach to grow Si whiskers based on vapor-liquid-solid 

mechanism using catalysts and the liquid phase underneath metal particles for crystallization was 

pioneered by Wagner and Ellis [155]. Since then, VLS has become exceedingly common and has 

been used to synthesize almost all semiconductor NWs through simple procedures. In this growth 

process, metallic particles such as Au, Ni and Fe were used as catalyst, serve as nucleation centers 

and assist NWs formation. Illustrated in Figure 2-1 is the schematic diagram of VLS growth 

process of GaAs nanowires, which consists of 3 major steps: (i) deposition of metallic particles, 

followed by a formation of liquid-alloy particles when reacting with vapor source materials; (ii) 

crystal nucleation; (iii) axial nanowire growth when excess material dissolved in its precipitate 

resulting in a form of single solid nanowire at the bottom of one particle [156]. The diameter and 

position of nanowires grown by VLS are defined by size and position of metallic particles as well 

as other growth parameters, including pressure and temperature. With this technique, it has been 

reported that it is feasible to tailor the composition of nanowires in both axial and radial growth 

directions. Steps involved in the VLS growth mechanism are also presented in Figure 2-1. 
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Figure 2-1: Schematic diagram of GaAs nanowire grown by VLS approach, showing entire 

evolution of nanowire formation [157]. 

 

The nanowire length is determined by growth rate and growth time. The growth rate mainly 

depends on the supersaturation of the vapor, which is affected by both source concentration and 

substrate temperature. As a result, the growth kinetics determine the nanowire orientation, 

morphology, and other structural properties [158]. III-nitride nanowire structures grown by VLS 

technique has been reported by using different methods, for examples, a quartz tube furnace [159], 

low-pressure metal-organic vapor epitaxy [160], and thermal chemical vapor deposition [161]. At 

that time, the VLS-like mechanism was believed to be the underlying mechanism for the 

directional GaN nanowire growth. Kang et al. reported the achievement of highly uniform and 

vertically aligned GaN nanowires on c-plane sapphire substrate by using thermal chemical vapor 

deposition with Ni catalysts [162].  

However, the major issue of the VLS growth process is that after growth the metal catalyst 

which assisted nanowire formation still remains on the tip of nanowires. The metal catalysts during 
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the growth often diffuse into the nanowires and act as unintentional impurities and defects inside 

the NWs, which often degrades the optical and electrical properties [163, 164].  

2.2.2. Molecular Beam Epitaxy Growth  

In addition to the VLS technique, wherein the nanowires formation is through a 

supersaturation process, group III-nitride nanowires can also be grown spontaneously under 

nitrogen-rich conditions without using any foreign metal catalysts [108, 112, 151, 152]. In this 

growth process, the metal catalysts are not used and thus there is no catalyst droplets at the top of 

nanowires after growth. The MBE technique has been commonly used for the spontaneous III-

nitride nanowire growth. Early observations of GaN nanowires grown by MBE were ascribed to 

self-catalyst mechanism, wherein Ga droplets served as metallic catalyst in VLS-like growth 

mechanism to assist the nanowire formation [165]. However, later studies of the spontaneous 

growth of GaN nanowires on Si (111) substrates by MBE has clearly proved/suggested that the 

growth mechanism is not related to VLS mechanism and there is no experimental observation of 

Ga droplets on GaN nanocolumn tips [108]. The GaN nanowires growth in MBE occurs by a 

distinctly different process, which is mainly due to the differences between the sticking 

coefficients of the group III atoms on the nanowire tip and on the m-plane nanowire sidewalls 

[152].  
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Figure 2-2: Schematic illustration of differential sticking coefficient mechanism in spontaneous 

nanowire formation process by using MBE. The relevant processes such as incorporation, 

desorption, diffusion and nucleation are included [152]. 

 

Illustrated in Figure 2-2 is the growth mechanism of GaN nanowires in MBE, in which the 

nanowire growth is initiated by the differences in surface energies, adatom diffusion length, 

sticking coefficients on different crystal planes. The sticking coefficient on the tip of nanowires is 

much larger than that on the sidewalls, and as a consequence, Ga atoms that impinge directly on 

the tip of NWs or within a surface diffusion length will be incorporated on the NWs tip, 

contributing to the nanowire axial growth. Meanwhile, the adatoms travelling farther down the 

sidewalls are likely to desorb rather than incorporate into nanowire growth. The diffusion-induced 

explanation agrees well with experimental observation that the vertical growth rate of nanowires 

increases quickly with the increase of substrate temperature, which can be ascribed to the 

significantly enhanced adatom migration on nanowire surfaces[151]. The radio-frequency plasma-

assisted Veeco GENxplor MBE system, shown in Figure 2-3a, is used primarily for the growth 
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experiments presented in this thesis.  Figure 2-3b shows a SEM image of GaN nanowires grown 

by MBE under nitrogen-rich conditions.  

 

Figure 2-3: (a) GENxplor molecular beam epitaxial growth system. (b) 45°-tilted view SEM 

image of GaN nanowires grown by MBE. 

 

Both VLS and self-organized spontaneous nanowire growth by MBE, however, have the 

following major limitations which severely hinder the practical device performance. First, the 

nanowire density, orientation and morphology are strongly influenced by the buffer layers and 

initial growth conditions, including growth pressure, substrate temperature, III/V flux ratio, growth 
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rate, etc. For spontaneously formed nanowires, the nanowires are often grown with high densities 

of ~1010 cm-2 which can result in random coalescence between neighboring wires [152, 166-168]. 

Due to the lack of control over their size, height, morphology, and twist/tilt in crystal orientation, 

[166, 167, 169, 170] however, the coalescence of such randomly mis-oriented nanowires generally 

leads to the presence of strain, inversion domains, low-angle grain boundaries and networks of 

structural defects including dislocations at the coalescence boundary [171-173].  

 

Figure 2-4: Cross-sessional STEM image of coalesced GaN nanowires. The network of structural 

defects including stacking faults and dislocations at the coalesced boundary are indicated by black 

arrows and white box.  

 

 Secondly, the performance of III-nitride optoelectronic devices fabricated from 

spontaneous nanowires is strongly limited by the extremely low light extraction efficiency which 

is mainly due to random nanowire morphology including nanowire diameter, height, density and 

spacing, especially for devices operating in ultraviolet spectral range. Recent studies have shown 
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that an unprecedentedly enhanced light extraction efficiency can be achieved by carefully 

controlling the nanowire morphology, including size, position and density [174]. 

2.3. Selective Area Growth: Importance and Challenges 

The selective area growth (SAG) technique was developed in the early 1960s and was first 

used for Si-integrated circuit [175]. Then, Tausch et al. and Rai-Choudhury et al. were the pioneers 

to investigate the SAG of GaAs by using a metal-organic source [176, 177]. Later on, in 1987, 

Jones and Lau reported the SAG of GaAs with native oxide mask defined by a standard lithography 

process [178]. In these processes, nanowires were selectively grown on pre-patterned substrates, 

i.e., under optimal conditions, nanowires are grown only within the openings while avoiding any 

growth on the mask. Various SAG masks, including SiNx, SiO2, Ti, Al and Au templates, have 

been utilized [179-183]. As a well-controlled growth approach over the nanowire position, size 

and aspect ratio, the SAG has been developed extensively using different growth techniques, 

including metal-organic vapor-phase epitaxy (MOVPE) [184], metal-organic chemical vapor 

deposition (MOCVD) using SiNx mask [185], and plasma-assisted MBE using Ti mask [182, 186, 

187]. In these studies, nanowire growth is mainly determined by adatom migration, the differences 

in adatom sticking coefficients between the mask and the openings [183], desorption/absorption 

as well as masked region, which can be controlled by pattern design and optimizing growth 

conditions including substrate temperature and III/V flux ratios. Recently, the Ti-mask SAG 

technology on GaN has been relatively well developed, which has led to the demonstration of 

nanowires with tunable emission wavelength by controlling nanowire diameters [188], the 

monolithic integration of nanocolumn-based LEDs with various emission colors [189], and green 

and red emitting nanowire LEDs [190, 191]. Very recently, the first demonstration of multicolor 

single nanowire LEDs simultaneously grown on the same substrate using selective area epitaxy 
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has been reported [192].  Such LEDs exhibited superior performance, paving the way for the 

realization of ultra-small and efficient projection displays, smart lighting and on-chip 

spectrometers, etc. Shown in Figure 2-5 is a SEM image of GaN nanowire arrays, exhibiting a 

high degree of size uniformity and are vertically aligned along the c-axis. Each nanowire has a 

well-defined hexagonal pyramid morphology comprised of six semipolar top facets. 

 

Figure 2-5: 45°-tilted view SEM image showing GaN nanowire arrays selectively grown in the 

opening apertures using SAG technique.  

2.3.1. Ultraviolet Light Emitting Diodes Using Selective Area Epitaxy: Current 

Status and Challenges 

III-nitride based light emitting diodes with operation wavelength in the UV spectral region 

are of importance for a wide range of applications in lighting, display, air-water purification, 

disinfection, chemical and biochemical sensors, and white-light generation via phosphor excitation 

[65-67]. However, the poor performance of such devices with increasing Al content is 



32 

 

fundamentally limited by the presence of large densities of defects and dislocations, the strong 

polarization fields, and the inefficient p-doping in AlGaN materials [70-72] . Recently, with the 

use of nanowire structures, high efficiency LEDs have been demonstrated in the visible range [140, 

141]. Nanowire structures can offer several fundamental advantages, including low defect 

densities, much reduced strain-induced polarization fields, and significantly enhanced dopant 

incorporation. However, the realization of efficient nanowire LEDs operating in the DUV 

wavelength range has been very limited. To realize high efficiency AlGaN nanowire LEDs, any 

optical scattering loss related to variations of nanowire size, density, and spacing should be 

substantially reduced. Therefore, the epitaxial growth and structural properties of such nanowire 

arrays need to be carefully controlled and engineered. In the VLS or spontaneous formation 

process, III-nitride nanowire arrays generally exhibit random distribution in position and a high 

degree of non-uniformity in size and height distribution [144]. Such issues can be potentially 

addressed by using the SAG technique [193, 194]. In this process, the nanowire formation and 

nucleation is directly controlled by the nanoscale apertures created on a substrate using the well-

defined top-down process. To date, however, SAG AlGaN nanowire LEDs with emission 

wavelengths covering entire UV spectral range have not been demonstrated which is ascribed to 

short diffusion length of Al adatom on Ti mask surface in the presence of N2. In addition, the direct 

formation of high quality AlGaN nanowires by this growth process has remained elusive. Shown 

in Figure 2-6 is the recently demonstration of wavelength tunability of AlGaN nanowires 

selectively grown on Ti mask by MBE technique [195]. It can be seen from the plot of wavelength 

as a function of Al composition, the experimental data exhibit a discrete distribution, indicating 

the current challenges of selective area growth technique. 
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Figure 2-6: Peak wavelength of SAG AlGaN nanowires as a function of Al content. 

 

Intriguingly, Mehrdard et al. has recently reported that by using periodic arrays of nanowire 

LEDs, in principle, an unprecedentedly enhanced light extraction efficiency of ~72% can be 

achieved by carefully optimizing the nanowire size, density, etc [174]. In this thesis work, we have 

performed a detailed investigation of  SAG of large-area GaN/AlGaN nanowire arrays on n–GaN 

template on c–plane sapphire substrate. Such nanowire structures exhibit highly uniform 

morphology distribution and high luminescence efficiency in the wavelength range of ~280 nm 

and 340 nm. The nanowire UV LED devices exhibit excellent optical and electrical properties, 

including high IQE, excellent current-voltage characteristics, and high light output power, as 

described in the following sections.   
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2.3.2. Photonic and Plasmonic UV Laser by Using Selective Area Epitaxy 

We have demonstrated GaN/AlGaN nanowire edge emitting lasers that can operate in the 

ultraviolet spectral range. To date, the performance of GaN-based lasers degrades considerably 

with increasing Al content, i.e. decreasing operation wavelength [78]. For example, the currently 

reported Ga(Al)N UV edge emitting lasers generally exhibit threshold current density ~10 kA/cm2, 

or higher [78, 196-199]. The shortest wavelength that has ever been reported for such edge emitting 

lasers is ~336 nm [199]. The poor performance of such devices is fundamentally limited by the 

presence of large densities of defects and dislocations, the strong polarization fields, and the 

inefficient p-doping in AlGaN materials (see Section 1.1.2). With potential advantages, including 

low defect density, much reduced strain-induced polarization fields, and significantly enhanced 

dopant incorporation, nanowires become a great candidate for UV laser application. However, the 

realization of efficient nanowire lasers in the UV wavelength range has been very limited. For 

practical applications, it is of significant interest in developing electrically injected edge emitting 

lasers by using such defect-free nanowire structures. To realize nanowire edge emitting lasers, any 

optical scattering loss related to variations of nanowire size, density, and spacing should be 

substantially reduced. Therefore, the epitaxial growth and structural properties of such nanowire 

arrays need to be carefully controlled and engineered. In the vapor-liquid-solid or spontaneous 

formation process, III-nitride nanowire arrays generally exhibit random distribution in position 

and a high degree of nonuniformity in size and height distribution. Such issues can be addressed 

by using the special technique, i.e.SAG. In this process, the nanowire formation and nucleation is 

directly controlled by the nanoscale apertures created on a substrate using the well-defined top-

down process.  
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In parallel, we have also developed low threshold plasmonic Al(Ga)N nanostripe based laser 

in the deep UV spectral range. To date, the size reduction of photonic components down to 

nanometer scale, for example, nano-LEDs and nano-lasers, is highly desirable for on-chip 

communication and computation technologies. However, the diffraction limit of light when the 

dimensions of optical components approach the wavelength of light severely limits the fabrication 

process. One of the most promising methods to address these challenges is to utilize surface 

plasmons, which is able to confine light to very small dimensions at the interface of metal-

dielectric [200]. To date, little attention has been paid to nano-/micro-scale plasmonic laser in 

DUV range which is mainly due to the bottleneck of achieving high quality Al-rich AlGaN 

nanostructure and metal layer, which limits surface plasmons coupling efficiency. In this context, 

we have investigated the MBE growth, fabrication, and characterization AlGaN stripe based 

plasmonic lasers. Devices under electrical injection have been realized. In addition, stripe 

plasmonic lasers will be demonstrated to achieve high output power. These laser arrays can be 

individually addressed and can be designed as suitable light sources for future high resolution 

projection systems.  
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Chapter 3: Demonstration of p-Type InN Nanowires 

3.1.  Introduction: Challenges of Direct Measurement of p-Type Conduction in 

InN 

To date, the evidence and/or possibilities of p-type doping in InN has not been 

demonstrated prior to this thesis work. In previous studies, the hole mobility and concentration can 

only be estimated through indirect measurements [94, 131, 133, 201-206]. For example, ambipolar 

carrier diffusion in n-type InN films analyzed by time-resolved transient grating technique has 

shown hole mobility values of 39 and 26 cm2/V·s near the surface of InN and the interface between 

InN and GaN buffer layers, respectively. Another hole mobility value of 50 cm2/V s has been 

estimated in quantitative mobility spectrum analysis. Wang et al. reported hole mobility values of 

17 – 36 cm2/V·s for hole concentrations of 1.4 – 3.0 × 1018 cm-3 by a combination of electrolyte 

capacitance voltage (ECV) and sheet conductivity measurements on different thickness Mg-doped 

InN epilayers [207]. ECV combined with thermopower measurements have been very recently 

used to estimate hole mobility values of 15 – 66 cm2/V·s and hole concentrations of 1.0 – 2.8 × 

1018 cm-3, respectively [133]. The highest theoretical hole mobility studied by ensemble Monte 

Carlo method reaches to 220 cm2/V·s for very high quality InN, wherein the transport is limited 

by phonon scattering only. However, when sample quality was taken into account, the value was 

largely suppressed to 20 – 70 cm2/V·s [135]. The extreme difficulties in the demonstration of p-

type InN is largely due to the presence of electron accumulation layer on grown surfaces of InN 

epilayers, which greatly overwhelms p-type conduction and results in surface Fermi level pinning 

deep in the conduction band [201] as well as the formation of a surface inversion layer. A large 

downward band bending ~0.6 – 0.7 eV was experimentally observed, associated with donor-type 
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surface states density of ~ 2.5±0.2 × 1013 cm-2, and a surface Fermi level (EF) of about 1.6±0.1 eV 

above the valence band maximum (VBM, EV) [208]. Essentially, such a Fermi level EF pinning 

well above the conduction band minimum was commonly measured on both polar and non-polar 

planes in nominally non-doped and n-type InN which is theoretically considered to be an intrinsic 

property because of the high charge neutrality energy level and the low conduction band edge of 

InN [50, 209]. Recently, by using the first principles calculations, Segev and Van de Walle 

suggested that the microscopic origin of donor-type surface states leading to surface electron 

accumulation is mostly associated with In-In bonding states on the InN surfaces with In adlayers 

[57]. Furthermore, they theoretically predicted the surface Fermi level can be unpinned on 

reconstructed nonpolar InN surfaces [136] and it was only experimentally confirmed at the in situ 

cleaved non-polar surfaces [62]. Additionally, recent experiments suggested that the Fermi level 

could be possibly unpinned on polar planes [55, 210] which are in direct contrast to many 

theoretical predictions. Therefore, at present, it is of utmost importance for InN studies to eliminate 

the existence of accumulation layer at grown surfaces in order to pave the way for a direct detection 

of p-type conduction and high hole mobility. 

The origin of the electron accumulation at the InN surfaces has been theoretically explained 

by the unusual position of branch point energy (also known as the Fermi stabilization energy or 

charge neutrality level) located high in the conduction band (~0.9 eV above conduction band edge) 

[211] and unintentionally doped impurities and native defects (nitrogen vacancy tend to be 

dominant donor-like defects in InN.). This explains the extreme n-type activity and difficulties of 

p-type doping in InN. Recently, by improving the MBE process significantly [43], intrinsic InN 

nanowires with the absence of electron accumulation on the non-polar grown surface (m-planes), 

have been achieved [121, 122]. A removal of surface electron accumulation by minimizing the 
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formation of surface defects during catalyst-free growth process together with utilizing an in situ 

deposited In seeding layer to enhance nucleation and nanowire formation, results in extremely low 

residual electron density, ~1013 – 1015 cm-3. The progress has paved the way for the realization of 

p-type InN [137]. 

In the first Section of this Chapter, the observation of ambipolar transport characteristics 

of InN:Mg nanowires at room-temperature will be reported, providing unambiguous evidence that 

Fermi-level is fundamentally unpinned on the grown surfaces of InN. Such a behavior, however, 

is not measured in Si-doped InN nanowires, which is explained by Si-dopant surface segregation 

and the resulting electron accumulation. It is further suggested that defect and impurity 

incorporation on the grown surfaces of InN are the primary causes for the commonly measured 

electron accumulation and Fermi-level pinning.  

In the second Section of this Chapter, the realization of electroluminescence emission of 

single InN p-i-n nanowire devices will be presented. Electroluminescence emission with a peak 

energy of 0.71 eV (1.75 μm) was observed at 77 K. The measurement of near-bandgap 

electroluminescence provides unambiguous evidence for the achievement of p-type conduction of 

InN. 

3.2.  Electrical Transport Properties of Single Mg-/Si-Doped Single InN 

Nanowires 

3.2.1. Molecular Beam Epitaxial Growth of Mg-doped InN Nanowires 

In this experiment, catalyst-free Mg-doped InN nanowires were grown on Si(111) substrate 

by RF-MBE under nitrogen-rich condition. Prior to loading into the MBE system, the Si substrates 

were chemically treated by standard solvent solutions and hydrofluoric acid. The surface oxide 
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was then thermally desorbed at ~675ºC. In contrast to conventional InN spontaneous growths 

under nitrogen-rich conditions, an in situ In seeding layer (thickness of ~6Å) was first deposited 

on Si substrate prior to introducing nitrogen [43, 120]. At elevated temperature, nanoscale droplets 

subsequently form, which subsequently promote the nucleation process of InN nanowires. The 

growth conditions for InN nanowires consist of: a substrate temperature of 478ºC, an In beam flux 

of ~6 ×10-8 Torr, a nitrogen flow rate of ~1.0 sccm (sccm denotes cubic centimeter per minute at 

STP), a radio frequency (RF) plasma forward power of ~350W and a growth duration of ~3 hours.  

Mg cell temperatures of 220ºC, 230°C (associated with Mg flux of ~4 ×10-10 Torr, ~ 9 ×10-9 Torr, 

respectively) and Si cell temperature of ~1300ºC for Mg-/Si-doped InN wires respectively. Under 

optimal growth conditions, the resulting InN nanowires exhibit non-tapered, nearly perfect 

hexagonal structure with identical top and bottom sizes shown in Figure 3-1.  The secondary ion 

mass spectroscopy (SIMS) studies on Mg-doped InN epilayers grown by MBE with Mg cell 

temperatures of 220ºC and 230°C indicate that Mg doping concentrations are ~2.3 ×1019 and ~5.5 

×1019 cm-3, respectively [133]. However, it is of importance to note that Mg doping concentration 

in nanowires may be lower than that in planar structures. The difficulties of Mg dopant 

incorporation in nanowires is mainly due to high Mg desorption rate on the nanowire surfaces at 

the growth temperature. Because of shadow effect of adjacent nanowires in the MBE growth 

process, the desorbed Mg atom cannot be compensated by impinging ones which does not occur 

during epilayer growth process even under similar growth conditions. In addition, the presence of 

natural donor defects is attributed to reduce the free hole density by compensating free holes. On 

the other hand, Si-doped nanowires with Si cell temperature of ~1300ºC corresponds to the 

approximately average doping concentration of ~1018 cm-3 measured by secondary ion mas 

spectroscopy [122]. 
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Figure 3-1: 45º-tilted SEM images of Mg-doped InN grown on Si (111) substrate with Mg cell 

temperature of 230 ºC.  

3.2.2. Characterization and Discussion  

InN nanowires with the separate incorporation of Mg and Si dopants were grown and 

studied. Given afore-described growth conditions, the resulting InN nanowires exhibit non-

tapered, near-perfect hexagonal structure with approximately identical top and bottom sizes [43]. 

The nanowire orientation is along the c-axis [136], with the sidewalls being non-polar m-planes. 

Detailed transmission electron microscopy (TEM) analysis confirmed that the nanowires are of 

wurtzite crystal structure and nearly free of structural defects and misfit dislocations [43, 120, 

121]. X-ray photoelectron spectroscopy (XPS) studies shown in Figure 3-2 confirm that, on the 

grown surfaces of such InN nanowire ensembles, the Fermi-level can vary from below the 

conduction band minimum (CBM) to well above the CBM [121, 137], depending on the dopant 

incorporation.  
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Figure 3-2: XPS studies of non-doped (a) and Mg-doped InN nanowires with different Mg doping 

concentrations, i.e. (b) – (f) correspond to Mg cell temperatures of 190°C – 240°C, respectively 

[137].  

 

In this work, in order to study the impact of dopant incorporation on the charge carrier 

transport and surface properties, single nanowire field effect transistors (FET) were fabricated and 

characterized. First, as-grown InN nanowires were dispersed onto pre-patterned Si substrates using 

scratching approach, i.e. as-grown samples were placed face-to-face to substrate. As a result, Van 

der Waals force will hold the nanowires on the surface. In this experiment, pre-patterned substrates 

were coated with a dry thermal SiOx dielectric layer (~100 nm) and the coordinate system on the 

substrate were made with standard photolithography, metallization processes with a coordinate 

system to locate nanowire position precisely during subsequent e-beam lithography process.  
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Subsequently, the nanowires were individually contacted by multilayer metal electrode 

(Ni/Au/Ni/Al/Ni/Au) using e-beam lithography and metallization techniques, followed by 

annealing at 400ºC in N2 ambient. Single InN nanowire-based FET in a 3-terminal configuration 

is schematically shown in Figure 3-3a. Three metal contacts were carefully designed with the 

similar width of ~20-30 nm. In this work, we focus on two types of Mg-doped In nanowires, 

samples A and B, with corresponding Mg doping concentrations of ~1019 and 5×1019 cm-3, 

respectively [133]. In addition, Si-doped InN nanowires (Sample C), with Si doping level ~1018 

cm-3, were also studied for comparison. An SEM image of a single nanowire transistor device is 

shown in Figure 3-3b.  
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Figure 3-3: (a) A schematic plot of InN nanowire-based field effect transistor in the 3-terminal 

configuration, to derive metal-semiconductor contact resistance; (b) A SEM image of a single Mg-

doped InN nanowire device. Inset: single Mg-doped InN dispersed onto pre-patterned substrate. 

 

The devices were measured under a direct current bias in vacuum. The characterization of the 

moderately Mg-doped InN nanowire (sample A) is first described. The nanowire diameter is ~240 

nm, with a length of ~1.3 μm. Shown in Figure 3-3a, the source-drain current ISD increases linearly 

with source-drain voltage VSD, indicating the Ohmic contact formation. Assuming that the 
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nanowire-metal contact resistance (RC) is distributed equally for all 3 contacts, RC was estimated 

from the 3-contact configuration, schematically shown in Figure 3-3a, by the following equation.  

𝑅𝐶 = 0.5 (𝑅𝑇 −  (𝑅1 − 𝑅2)(𝐿1 + 𝐿2) (𝐿1 − 𝐿2))⁄                                                                Eq. (3 − 1)  

where RT is the resistance between the two outer contacts, and R1 and R2 are the resistance for 

segments L1 and L2, respectively. The contact resistance was estimated to be ~ 50% of the total 

resistance at zero gate voltage. Shown in Figure 3-4a, gate voltages VGD from -1 V to 0.5 V 

modulate the nanowire resistance by field effect. With increasingly more negative back-gate 

voltage (VGD < 0), the device conductance ISD/VSD is increased correspondingly, providing 

unambiguous evidence for p-type conduction in Mg-doped InN nanowires [212, 213]. The direct 

detection of p-type conduction by field effect in Mg-doped InN has been measured in more than 

five devices. Figure 3-4b illustrates the typical corresponding transfer characteristics ISD as a 

function of VGD at VSD = 30 and 50 mV at room-temperature. At negative gate voltage VGD <  ̵ 

0.8V, the nanowire current ISD saturates which can be ascribed to the predominance of contact 

resistance over channel resistance. The minimum ISD occurs at a small positive VGD (~ 0.1 V), at 

which point the free holes are depleted completely. Interestingly, at VGD > 0, the device shows 

evidence of electron transport by which ISD increases as gate voltage VGD increases.  The valley 

formed by a minimum in device conductance as a function of gate voltage clearly indicates 

ambipolar transport characteristics of the Mg-doped InN nanowires. Such p-type conductance and 

ambipolar transport characteristics have also been observed in Mg doped InN nanowires with 

different diameters. This observation of ambipolar field effect characteristics provides clear 

evidence that the surface Fermi-level of Mg-doped InN nanowires is fundamentally unpinned, 

which is in agreement with previously reported XPS studies on ensemble InN nanowires [137]. 

The energy band diagram is schematically plotted in Figure 3-4c.   
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Figure 3-4: The FET characteristics of Mg-doped InN wires (sample A) at room temperature. (a) 

ISD-VSD characteristics. (b) ISD-VGD dependence under VSD = 30 and 50 mV, indicating ambipolar 

transport. The arrow denotes the minimum ISD position. (c) Schematic band diagrams showing 

carrier density on wire surfaces: hole accumulation layer at VGD < VTh (left) and inversion layer at 

VGD > VTh > 0 (right). 

 

The gate dependent hole concentration is derived using the metal-oxide-semiconductor 

field-effect transistor (MOSFET) model. The transconductance 𝑔𝑚 = 𝜕𝐼𝑆𝐷 𝜕𝑉𝐺𝐷⁄  is determined 

from the best linear fit to channel current versus gate voltage. The field-effect mobility μ, in turn, 

is determined from the transconductance with the following equation: 
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𝜇 = (
C

L2
VSD)

−1 ∂𝐼𝑆𝐷

∂𝑉𝐺𝐷
|

VSD

                                                                                                            Eq. (3 − 2) 

Using the cylinder-on-plate model, the total capacitance C is given by [212], 

𝐶 =
2𝜋𝜀ε0𝐿

𝑐𝑜𝑠ℎ−1(1 + 𝑡𝑜𝑥/𝑟)
                                                                                                              Eq. (3 − 3) 

where 𝜀 is the relative dielectric constant of SiO2 and L is the distance between source and drain 

contacts, r is the radius of the nanowire, and tox is the thickness of the gate oxide. With tox = 100 

nm, r = 120 nm, L = 1.3 μm and hole transconductance 𝑔𝑚
ℎ = 0.0895 μS derived from the p-type 

conduction, the field-effect hole mobility, 𝜇ℎ, is ~130 cm-2/V·s. The depletion of the nanowire at 

the pinch-off voltage (~0.1V) induces a charge Q that is related to the threshold gate voltage VTh 

via the total capacitance C = Q/VTh.  In the ideal case, the induced charge Q corresponds to the 

two-dimensional (2D) charge density 𝑛2𝐷 in the accumulation layer at the nanowire nonpolar 

surface: 

𝑄 = 𝑒𝐴𝑛2𝐷 ,                                             Eq. (3−4) 

where A is the nanowire surface area in contact with the gate oxide. The derived 2D hole 

concentration on the nanowire surface is ~5.3×1010 cm-2 at VGD = 0 V. This value is smaller than 

that estimated from equivalent planar structures because the enhanced Mg adatom desorption at 

the elevated growth temperature outweighs dopant segregation for nanowires [137].  

Compared to the hole transport, the transfer curve of sample A exhibits a small asymmetric 

ISD - VGD characteristics at positive gate voltages in the electron conductivity, which has been 

commonly observed in InAs nanowire, carbon nanotube and organic semiconductor-based FETs 

[209, 214-216]. The origin of the asymmetry may arise from a variety of effects, including the 

different metal-semiconductor contact resistances for hole injection into the channel and electron 

injection into the channel, as well as charge trapping at the SiO2 dielectric layer that is typical of 
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back-gated FETs [216, 217]. The field effect electron mobility and concentration of ambipolar 

conduction are estimated to be ~50 cm2/V·s and ~1010 cm-2, respectively. The estimated electron 

mobility is smaller than the measured hole mobility in p-type InN nanowires, possibly because of 

impurity scattering [123] or suppression of electron conduction as a result of charge trapping at 

the SiO2 surface which is commonly observed in other semiconductor FETs [216, 217]. Finally, 

the relatively low on/off current ratio is limited by the intrinsic conduction of narrow-bandgap InN 

nanowires. The estimated concentration of both intrinsic bulk electrons and holes is ~1015 cm-3, 

and with an average field-effect mobility ~120±10 cm2/V·s derived from measured devices, the 

intrinsic resistance of typical InN wires is estimated to be ~15 MΩ. The estimated off-state current 

of ~3.3 nA at a bias of VSD = 50 mV is in good agreement with the measured value.  
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Figure 3-5: (a) Electrical transport of Si-doped InN nanowire-based FET (sample B) measured at 

room-temperature. ISD as a function of VGD at given VSD of 20 and 30 mV. The arrow indicates 

threshold gate voltage VTh and solid brown lines are linear fits. (b) Schematic band diagram 

showing the electron accumulation layer of Si-doped InN nanowire-based field effect transistors 

at VGD > VTh, indicating near surface Fermi level pinning deep in conduction band. 
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Unlike Mg-dopant, the surface desorption of Si atoms during the growth of InN nanowires is 

essentially negligible. Therefore, the surface charge properties of InN nanowires may be 

dominated by Si-donor segregation, which may lead to surface electron accumulation and Fermi-

level pinning in the conduction band. In order to verify this effect, electrical transport properties 

of Si-doped InN nanowires were studied. Figure 3-5 illustrates the transfer characteristics of ISD as 

a function of VGD at VSD = 20 and 30 mV. The increase in ISD with increasing VGD has been 

commonly observed in n-type nanowire FETs [53, 214]. From the measurements shown in Figure 

3-5, an electron transconductance 𝑔𝑚
𝑒 of 0.808 μS was extracted at VSD = 30 mV, resulting in 

mobility μn of ~2030 cm2/V·s. Unlike InN:Mg nanowire transistors wherein ambipolar conduction 

can be clearly measured, InN:Si nanowire transistors are dominated by electron conduction and 

the presence of holes is not measured over a large range of gate voltages. This suggests the 

presence of surface electron accumulation on Si-doped InN nanowires, schematically illustrated 

in Figure 3-5b. The derived 𝑛2𝐷 was ~6×1012 cm-2, which agrees with the downward surface band 

bending of the surface band and electron accumulation measured by XPS on such InN:Si 

nanowires in previous studies [121, 122]. It is therefore evident that the presence of surface 

electron accumulation and Fermi-level pinning of Si-doped InN nanowires can be explained by 

the donor surface segregation effect. The nonuniform dopant incorporation is further supported by 

XPS and photoluminescence studies of intrinsic and Si-doped InN nanowires [121, 122].  

 Previous studies have shown the energy for the formation of various defects, including 

nitrogen vacancies, is also significantly smaller in the near-surface region of InN than in the bulk 

region [50, 121, 208]. Such defects generally serve as donors because of the extremely large 

electron affinity of InN [50, 56]. Therefore, the enhanced donor incorporation in the near-surface 
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region of InN, caused by either dopant (Si) segregation or defect formation, explains the commonly 

measured Fermi-level pinning and electron accumulation of the grown surfaces of InN.   

3.3. The realization of electroluminescence of p-i-n InN nanowires 

In the previous Section, it is demonstrated, for the first time, that p-type InN nanowires can 

be realized by direct Mg doping. The presence of p-type conduction was clearly measured from 

nanowire field effect transistors. 

In the second Section of this chapter, we report on the achievement of electroluminescence 

emission of single InN p-i-n nanowire devices. InN p-i-n nanowire structures were grown directly 

on Si substrate by the MBE system and subsequently transferred to foreign substrate for the 

fabrication of single nanowire light emitting diodes. Electroluminescence emission with a peak 

energy of 0.71 eV (1.75µm) was observed at 77 K. The measurement of near-bandgap 

electroluminescence provides unambiguous evidence for the achievement of p-type conduction of 

InN. 

In this experiment, the nanowire structure consists of 0.7 µm InN:Si, 0.2 µm non-doped InN, 

and 0.7 µm InN:Mg layers, schematically shown in Figure 3-6a. The growth conditions for p-i-n 

InN nanowires included a substrate temperature of 480°C, an In beam equivalent pressure of 

~6×10−8 Torr, a nitrogen flow rate of 1.0 sccm, and a plasma forward power of 350 W. The Si and 

Mg cell temperatures were 1250°C and 240°C, respectively. The Si and Mg dopant concentrations 

in equivalent planar structures are estimated to be ~5×1017 cm-3 and ~9.5×1019 cm-3 based on 

secondary ion mass spectroscopy analysis, respectively [122, 218, 219]. However, the dopant 

concentration in nanowire structures may vary, due to the non-planar growth process. Shown in 

Figure 3-6b is a typical 45°-tilted SEM image of p-i-n InN nanowires grown on Si (111) substrate. 

The wire length is around 1.6 µm and the diameters vary from 200 to 500 nm. As seen, the InN 
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nanowires exhibit non-tapered surface morphology with a nearly perfect hexagonal structure. 

Detailed TEM studies further confirm that such wires are nearly free of structural defects such as 

stacking faults and misfit dislocations [43, 137]. 

 

Figure 3-6: (a) Schematic plot of p-i-n InN nanowire structure grown on Si (111) substrate. (b) 

An SEM image of as-grown p-i-n InN nanowires on Si (111) substrate taken with a 45º angle. 

 

Optical properties of the as-grown InN nanowire p-i-n structures on Si were first studied 

using temperature variable micro-photoluminescence (µ-PL) spectroscopy. The nanowire was 

optically excited using a semiconductor laser diode (λ = 635 nm) with a 100× objective lens, with 

a defocused beam size of ~5 µm2. The emission was collected and analyzed by a high resolution 

spectrometer equipped with a liquid nitrogen (N2) cooled InGaAs photodetector with lock-in 

amplification. The detector has a cut-off wavelength of 2.2 µm. Illustrated in Figure 3-7 is the PL 

spectrum (solid brown curve) of InN p-i-n structure measured at 77 K under an excitation power 

of 8 mW. The PL spectra of nominally non-doped, Si-doped (Si cell temperature of 1250°C), and 

Mg-doped (Mg cell temperature of 210°C) InN nanowires grown on Si substrate measured under 

similar conditions are also shown for comparison. For the non-doped InN nanowires, the PL peak 
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energy is ~0.69 eV, which is consistent with the band-to-band transition of InN under high 

excitation conditions [122]. For the Mg-doped InN nanowires with relatively high dopant 

incorporation, the PL peak energy is measured at ~0.59 eV, which corresponds to the Mg acceptor 

energy level(s) related transitions [219]. With the incorporation of Si dopant, the PL peak energy 

of InN is measured at ~ 0.74 eV. The blueshift compared to the PL emission of non-doped InN 

nanowires is attributed to the Burstein-Moss effect commonly measured in n-type degenerate InN 

nanowires and thin films [43, 122]. The PL peak energy of ~0.71 eV measured from the InN 

nanowire p-i-n structures thus can be ascribed to the emission largely from the non-doped as well 

as the Si-doped region.  

 

Figure 3-7: The PL spectrum of a single p-i-n InN wire measured at 77 K under 8 mW excitation. 

Also shown in the figure are the normalized PL spectra of non-doped and Si-/Mg-doped InN 

nanowires grown on Si substrate with Si and Mg cell temperatures of 1250°C and 210°C, 

respectively. 
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Subsequently, single InN nanowire-based LED devices were fabricated. As grown p-i-n InN 

nanowires were first dispersed onto pre-patterned, SiO2 coated Si substrate. Ni/Au Metal contacts 

were then deposited on the p- and n-InN segments by standard e-beam lithography, thermal 

evaporation, and liftoff process, followed by rapid thermal annealing at 400ºC in N2 ambient. Prior 

to metal deposition, the nanowire surface was cleaned in hydrochloric acid for 30 s. Schematic 

plot and scanning electron microscope image of a single p-i-n InN nanowire-based LED in a 2-

terminal configuration are shown in Figures. 3-8a and b, respectively. Current voltage (I-V) 

characteristics of such single InN nanowire-based device were measured at 77 K in vacuum, 

clearly showing rectification characteristics, illustrated in Figure 3-8c. The measured currents at 

applied voltages of -0.5 V and +0.5 are -0.83µA and 3.5µA, respectively. The non-negligible 

current under reverse bias is largely related to the surface recombination and leakage, due to the 

presence of surface states/defects and the lateral growth of InN:Mg surrounding the entire 

nanowire structures. 
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Figure 3-8: (a) Schematic illustration of single InN p-i-n nanowire LED on Si substrate. (b) An 

SEM image of the fabricated single p-i-n InN LED. (c) I-V characteristics measured at 77 K of 

single InN nanowire-based LED device. Inset: I-V characteristics of the device under forward and 

reverse bias in semi-log scale. (d) Integrated EL intensity as a function of injection current 

measured at 77 K. Inset: electroluminescence spectra measured at 750 µA. 

 

Electroluminescence emission was subsequently measured. The single nanowire devices were 

biased under continuous wave (CW) conditions at 77 K. Electroluminescence emission was 

collected through a 100× objective lens and then directed to a high resolution spectrometer 

equipped with a liquid nitrogen (N2) cooled InGaAs photodetector with lock-in amplification. 

Shown in the inset of Figure 3-8d, electroluminescence emission can be clearly observed. The 
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peak energy is 0.71 eV, corresponding to a wavelength of 1.75 μm, which is in agreement with the 

photoluminescence emission measured from the as grown InN nanowires on Si, shown in Figure 

3-7. The spectral linewidth is ~120 nm. From the Einstein relation, the diffusion coefficient (D) 

for electrons and holes is given by following equations: 

 𝐷𝑒 = 𝜇𝑒
kT

e
                                                                                                                         Eq. (3−5) 

 𝐷ℎ = 𝜇ℎ
kT

q
                                                                    Eq. (3−6) 

 With hole mobility 𝜇ℎ ~100 cm2/V·s (ref. 137) and electron mobility 𝜇𝑒  ~1000 cm2/V·s [116], 

the diffusion coefficients for holes and electrons at 300 K are derived to be 𝐷ℎ ~2.585 cm2/s and 

𝐷𝑒 ~25.85 cm2/s, respectively. The carrier diffusion length 𝐿 = √𝐷 ∗ 𝜏, wherein 𝜏 is the carrier 

lifetime, for holes and electrons are ~508 nm and ~1.6 µm, respectively. Given the relatively small 

diameters (~400 nm) of InN nanowires, the current density is estimated to be J = 3.1 × 105 A/cm2, 

which is rather high. At this injection current, the carrier density (N) is derived by the following 

equation,  

𝑁 =
𝜏𝐽

𝑞𝐿
                                               Eq. (3−7) 

wherein L is the minority carrier diffusion length, and τ is the carrier lifetime (~0.5 ns). The carrier 

density is estimated to be in the range of 1019 cm-3. Previous studies have confirmed that, for such 

high carrier concentrations, the Fermi-level is shifted above the conduction band edge, leading to 

luminescence emission peaks in the range of 0.7 to 0.8 eV, which is consistent with our measured 

results [120, 122]. Variations of the integrated light intensity vs. injection current are shown in 

Figure 3-8d. It is seen that the electroluminescence intensity increases near-linearly with injection 

current. The device performance can be further improved by employing InN/InGaN core-shell 

nanowire structures to provide strong carrier confinement and thus reduce nonradiative surface 
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recombination [140]. The realization of electroluminescence emission from InN p-i-n nanowire 

structures provide unambiguous evidence for the p-type conduction of InN and further suggests 

the absence of surface electron accumulation on the grown surfaces on InN, which are in excellent 

agreement with recent studies [137, 139]. 

   

3.4.  Conclusion 

In summary, we have addressed two critical challenges of InN, including p-type conduction 

and electroluminescence emission. The presence of ambipolar characteristics in InN:Mg 

nanowires confirms that Fermi-level pinning is not an intrinsic property of the InN grown surfaces. 

It is further suggested that defect and impurity incorporation on the grown surfaces of InN is the 

primary causes for the commonly measured electron accumulation and Fermi-level pinning. 

Secondly, we have fabricated InN p-i-n nanowire LEDs, and near-bandedge electroluminescence 

emission was clearly measured. The measurement of near-bandgap electroluminescence provides 

unambiguous evidence for the achievement of p-type conduction of InN. The realization of 

functional InN nanowire devices will significantly advance the development of InN-based 

nanoscale optoelectronic devices and integrated photonic circuits on Si platform for the emerging 

chip-level optical communications.  
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Chapter 4: Ultraviolet GaN/AlGaN Light Emitting Diodes 

Operating at 279 nm by Selective Area Epitaxial Growth 

4.1.  Introduction 

Light emitting diodes with emission wavelengths in the ultraviolet spectral region (200-365 

nm) have been developed using Al(In)GaN based semiconductors. They are of tremendous 

importance for a wide range of applications in lighting, display, air-water purification, disinfection, 

chemical and biochemical sensors, and white-light generation via phosphor excitation [65-67]. To 

date, however, the performance of such devices degrades considerably with increasing Al content, 

i.e. decreasing operation wavelength [70-72]. For example, the currently reported maximum light 

output powers for AlGaN MQW DUV LEDs for the peak wavelengths of 241 nm, 256 nm and 

284 nm are 1.1 mW, 4.0 mW and 10.6 mW, respectively [71]. The highest reported EQE of 281 

nm and 279 nm emission are 3.45% and 7%, respectively [73-75]. The poor performance of such 

devices is fundamentally limited by the presence of large densities of defects and dislocations, the 

strong polarization fields, and the inefficient p-doping in AxlGa1-xN materials. Recently, with the 

use of nanowire structures, high efficiency LEDs have been demonstrated in the visible range [140, 

141]. Nanowire structures can offer several fundamental advantages, including low defect 

densities, much reduced strain-induced polarization fields, and significantly enhanced dopant 

incorporation. However, the realization of efficient nanowire LEDs operating in the DUV 

wavelength range has been very limited. To realize high efficiency AxlGa1-xN nanowire LEDs, any 

optical scattering loss related to variations of nanowire size, density, and spacing should be 

substantially reduced. Therefore, the epitaxial growth and structural properties of such nanowire 

arrays need to be carefully controlled and engineered. In the VLS or spontaneous formation 
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process, III-nitride nanowire arrays generally exhibit random distribution in position and a high 

degree of non-uniformity in size and height distribution [144, 220-223]. Such issues can be largely 

addressed by using the special technique of selective area epitaxial growth [193, 194]. In this 

process, the nanowire formation and nucleation is directly controlled by the nanoscale apertures 

created on a substrate using the well-defined top-down process. To date, however, AxlGa1-xN based 

nanowire DUV LEDs with the SAG process have not been demonstrated. In addition, the direct 

formation of high quality AxlGa1-xN nanowires by this growth process has remained elusive. In 

this work, we have performed a detailed investigation of the selective area growth of large area 

GaN/AlGaN nanowire arrays on n–GaN template on c–plane sapphire substrate. Such nanowire 

structures exhibit highly uniform diameter distribution and strong photoluminescence emission in 

the wavelength range of ~280 nm. The nanowire UV LED devices exhibit high internal quantum 

efficiency (IQE) of ~ 45% at 280 nm.  

4.2.  AlxGa1-xN Nanowire Arrays by Selective Area Epitaxial Growth 

Illustrated in Figure 4-1 is the selective area epitaxial growth of GaN/AlGaN nanowire arrays 

which takes place on two-dimensional GaN template on c–plane sapphire substrate by employing 

a thin Ti layer (~10 nm) as the growth mask. Nanoscale hexagonal patterns with a lateral size d of 

~250 nm and a center-to-center lattice spacing a of ~400 nm arranged in a triangular lattice were 

created using standard e–beam lithography and reactive ion etching techniques. Sizes of the 

nanohole arrays were varied in the range of tens and hundreds of µm for the fabrication of large 

area nanowire based LED structure. Two metal layers consist of 1 μm Mo and 500 nm Ti were 

deposited on the back surface of the sapphire substrate for a uniform and efficient heat transfer 

from the heater to substrate. Prior to loading into the growth chamber, the patterns were carefully 

cleaned by standard solvents. The Ti layer was then nitridized in the reaction chamber at ~400ºC 
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to prevent crack and degradation during the growth process [186, 224]. Subsequently, vertically 

aligned GaN/AlxGa1-xN nanowire arrays were grown using Veeco Genxplore plasma–assisted 

molecular beam epitaxial system [225]. The growth condition will be described in the subsequent 

section.  

GaN on sapphire substrate 

Ti mask

120° 
a

d

Selective area epitaxy

GaN 

AlxGa1-xN 

 

Figure 4-1: Left: Nanoscale hole arrays defined by typical electron beam lithography process on 

10 nm Ti mask on planar GaN template on c-plane sapphire substrates. Right: Schematic of the 

selective area epitaxy of GaN/AlGaN nanowire arrays on 2D GaN template on c–plane sapphire 

substrate. 

 

Shown in Figure 4-2 is a SEM image of GaN/AlGaN nanowire arrays selectively grown in 

the opening apertures, exhibiting a well-defined hexagonal morphology. It is also seen that the 

nanowires exhibit a very high degree of size uniformity and are vertically aligned along c-axis. 

Each nanowire has a well-defined pyramid top with sixfold side facets, assigned to be semipolar 

crystal planes. 



60 

 

 

Figure 4-2: A 45°-tilted angle SEM image showing GaN/AlGaN nanowire arrays selectively 

grown in the opening apertures.  

 

As an excellent method of controlling position, size and orientation of nanowires, SAG of (Al)GaN 

has been extensively developed using both metal-organic chemical vapor deposition (MOCVD) 

and MBE techniques with various mask materials (SiNx, SiO2, Ti,) [182, 183, 185, 226]. However, 

short diffusion length of Al adatoms in the presence of nitrogen severely results in non-controllable 

spontaneous nucleation of AxlGa1-xN nanowires on Ti mask surface. As a consequence,  SAG of 

AlGaN nanowires at the openings with increasing Al composition has not been possible [195]. To 

date, there have been no reports of AlGaN nanowires grown by selective area epitaxy emitting at 

wavelengths shorter than 290 nm. In this regard, we have performed a detailed investigation of the 

selective area growth of large area GaN/AlGaN nanowire arrays on 2D GaN template grown on c-

plane sapphire substrate with varied Al composition xAl. Such nanowire structures exhibit strong 

PL emission in the ultraviolet C (UV-C) (˂ 280 nm), ultraviolet B (UV-B) (280 nm – 320 nm) and 
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ultraviolet AII (UV-AII) (~320 nm – 340 nm) bands. Photoluminescence spectra of AlGaN 

nanowire arrays were measured at room-temperature under excitation using a 193 nm ArF2 

excimer laser (pulse width: 8 ns and repetition rate: 470 Hz). The emitted light was collected and 

spectrally resolved by a high-resolution spectrometer and detected by a liquid nitrogen cooled 

charge coupled device (CCD). Shown in Figure 4-3, single-speak PL spectra of AxlGa1-xN 

nanowire arrays were tuned from ~210 nm to ~327 nm, corresponding to Al composition (xAl) 

from ~1 to ~0.2. The Al composition xAl of AlxGa1-xN nanowires can be estimated by the following 

equation[195] 

𝐸𝑔 = 6.015𝑥 + 3.39(1 − 𝑥) − 0.98𝑥(1 − 𝑥)                                                        Eq. (4−1) 

 

 

Figure 4-3: (a) Tunable photoluminescence spectra of AlxGa1-xN nanowire arrays measured at 

room-temperature under excitation power of ~ 50 mW; (b) AlxGa1-xN peak wavelength as a 

function of Al composition xAl. 
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As can be seen from Figure 4-3, the PL peak emission wavelength decreases linearly with 

increasing xAl, covering the entire UV spectral range including UV-AII, UV-B and UV-C, which 

was not possible in previous studies [195]. There are several factors that limit the tunability of the 

wavelength emission of SAG AlxGa1-xN nanowire arrays especially in DUV range. The first major 

challenge is associated with growth temperature. Compared to conventional spontaneous AlxGa1-

xN nanowires grown by MBE technique, the nanowires grown by SAG technique are extremely 

sensitive to growth temperature variation, which is typically above 900°C. The high growth 

temperature is crucial to achieve AlxGa1-xN with higher crystal quality. However, the high 

temperature will lead to desorption of GaN nanowire templates. The primary driving force for the 

selective nucleation of III-nitride nanowires is the difference in Al/Ga/In sticking coefficients 

between the mask and the openings. If a relatively low growth temperature is used, AlxGa1-xN  also 

forms on the mask and therefore reduces the growth selectivity as shown in Figure 4-4 [195, 227].  

 

Figure 4-4: A SEM image of AlGaN nanowires grown both in openings and on Ti mask, indicating 

low growth selectivity.  
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4.3.  Demonstration of Deep Ultraviolet AlxGa1-xN Nanowire LEDs Operating at 

279 nm by Selective Area Epitaxial Growth 

4.3.1. AlxGa1-xN Grown by Selective Area Epitaxy  

The realization of tunable wavelength emission of AlGaN nanowire arrays grown by SAG 

technique provides a distinct opportunity to demonstrate LEDs operating in the DUV wavelength 

range. Illustrated in Figure 4-5 is the schematic diagram of AlGaN double heterostructure (DH) 

nanowires grown on c-plane sapphire substrate, which consists of a 400-nm Si-doped GaN, 70-nm 

Si-doped Al0.6Ga0.4N, 30-nm undoped Al0.48Ga0.52N active region, and 70-nm Mg-doped 

Al0.6Ga0.4N segment. The growth conditions for GaN/AlGaN DH nanowires included the 

following steps. n-Type GaN nanowire arrays were first grown with a substrate temperature of 

955°C, nitrogen flow rate of 0.55 sccm, and Ga flux of ~3.71×10-7 Torr. Subsequently, the n- and 

p-type AlxGa1-xN cladding layers were grown at substrate temperature of 1025°C, and Ga and Al 

beam fluxes of ~3.71×10-7 Torr and ~3.73×10-8 Torr, respectively. The i-AlyGa1-yN active layer 

sandwiched between the n and p-type cladding layers was grown with a nitrogen flow rate of 0.55 

sccm, substrate temperature of 1025°C, Ga and Al beam fluxes of ~3.71×10-7 Torr and ~2.99×10-

8 Torr, respectively. The substrate temperature mentioned here refers to the thermocouple reading 

on the backside of the substrate. The real substrate surface temperature is approximately ~100 – 

150C lower, depending on the substrate and sample size. Mg beam equivalent pressure was 

~3.2×10-9 Torr for the Mg-doped AlGaN layer. During the growth of AlGaN nanowire segments, 

the lateral growth is significantly enhanced, leading to increased nanowire diameter and very small 

air gap amongst nanowires. The approximate axial and lateral growth rates are in range of ~3.5 

nm/min and ~1 nm/min, respectively. Shown in Figure 4-5b is the SEM image of the nanowire 

arrays taken with a 45°-angle. 
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Figure 4-5: (a) Schematic diagram of AlGaN DH nanowire based LED structure. (b) A SEM 

image of AlGaN DH nanowires taken under 45°-tilted angle. 

 

4.3.2. Characterization 

Detailed structural characterization was further performed by an aberration-corrected FEI 

Titan Cubed 80-300 scanning transmission electron microscope (STEM) operated at 200 kV on a 

cross-sectional TEM specimen of the nanowire arrays prepared by focused ion beam (FIB) milling 

using a Zeiss NVision 40 dual-beam system with deposited Pt and C as protection layers as shown 

in Figure 4-6.  
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Figure 4-6: (S)TEM studies. (a) STEM-HAADF image of an array of non-coalesced AlGaN 

nanowires in cross-section along {1120} zone-axis, showing the prismatic nature at the sidewalls 

and c-plane tendencies at the nanowire center. (b, c) Elemental maps from STEM-EELS showing 

the variations in Ga and Al elemental distribution within the AlGaN heterostructure and the n-GaN 

nanowire template. (d) Detailed image of the AlGaN heterostructure from boxed region in (a). (e, 

f, g) High-magnification images of the interfacial regions within the AlGaN heterostructure from 

boxed region in (d) and (c). 

 

Atomic-number sensitive (Z-contrast) high-angle annular dark-field (HAADF) image of an 

array of AlGaN LED heterostructure nanowires observed in cross-section along the a-plane 

orientation is shown in Figure 4-6a. The brighter intensity regions correspond to the n-GaN 

nanowire template and the darker intensity AlGaN LED heterostructure. Electron energy-loss 

spectroscopy (EELS) was also carried out for elemental mapping of the AlGaN heterostructure in 

Figure 4-6b to understand its formation. No distinct continuous layer of changing Ga and Al 
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distribution was observed that would suggest a lower Al-concentration in the active layer between 

higher Al-concentration cladding layers, except for the near-surface regions of the nanowires. 

Further elemental mapping of the AlGaN heterostructure at the near-surface regions in Figure 4-

6c details the enrichment of Ga (and corresponding deficiency in Al) along semi-polar interfaces 

within the AlGaN heterostructure and within the n-AlGaN region. A detailed examination was 

further investigated by atomically-resolved STEM images taken at different boxed regions (red, 

blue, and orange) corresponding to Figures 4-6d, 4-6e, and 4-6g, respectively. High-magnification 

view of the AlGaN heterostructure in Figure 4-6d (from the red-boxed region in Figure 4-6a), and 

other detailed views from different boxed regions at the near-surface region (blue) and nanowire 

center (green) are also presented in Figures 4-6e and 4-6f, respectively. Seen in Figure 4-6e, the 

Ga-rich interfaces lie along semi-polar {1103} planes near the nanowire sidewalls, but transitions 

towards higher-order {1104} plane closer to the nanowire center. At the center of the nanowire, 

various p-i-n AlGaN interfaces are not flat along c-plane, as expected from the termination of the 

n-GaN nanowire template shown in Figure 4-6d. The Ga-enrichment is minor towards the 

nanowire center in Figure 4-5f, but they mark zig-zag nano-facets identified as {1104} planes, as 

arrowed along the plane normal. Some minor image intensity modulations also exist along the

1103
 
directions arrowed within the Ga-rich n-AlGaN region in Figure 4-6g, attributed to 

chemical ordering observed in similar AlGaN SAG nanowires [225] and spontaneously-formed 

AlGaN nanowires [228]. 

Optical properties of the AlGaN DH nanowire LED structures were subsequently studied 

by using temperature-dependent PL spectroscopy associated with a closed-loop liquid helium 

compressor. Illustrated in Figure 4-7a is the normalized PL spectra measured at room-temperature 
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at different excitation powers. At a very low excitation power, i.e., of 4mW, PL emission from 

active region Al0.48Ga0.52N with a peak at ~283 nm dominates, which is attributed to an effective 

carrier confinement in the active region. With increasing excitation power, a shorter wavelength 

~255 nm peak corresponding to higher Al composition Al0.6Ga0.4N cladding layers is more 

pronounced. Meanwhile the longer wavelength peak emission ~340 nm likely origins from related-

defect radiative recombination in doped AlGaN segments which has been commonly observed in 

AlGaN MQW UV LEDs. It is also seen that, with increasing excitation power, the emission peak 

E1 (~283 nm) becomes broader and exhibit highly stable luminescence characteristics with 

negligible shifts, shown in Figure 4-7b. 
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Figure 4-7: (a) Excitation power-dependent PL spectra measured at 300 K. Each spectrum was 

normalized by its individual peak intensity and shifted vertically for display purpose; (b) PL 

linewidth and peak energy as functions of excitation power. (c) PL spectra measured at 300 K and 

20 K under an excitation power of ~50 mW. E1, E2 and E3 correspond to peak emission from 

Al0.48Ga0.52N active region, Al0.6Ga0.4N cladding layers and GaN-related, respectively. (d) 

Arrhenius plots of the integrated PL intensity measured from 20 to 300 K for the active region 

(E1) emission and the whole spectra. 

 

We further performed temperature dependent PL studies from 20 to 300 K under excitation of 

a 193 nm laser source.  Shown in Figure 4-7c is the PL spectra measured at 20 K and room-

temperature under an excitation power of 50 mW. The emission peaks E1 (~285 nm) and E2 (~255 
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nm) correspond to the transitions associated with the Al0.48Ga0.52N active region and Al0.6Ga0.4N 

cladding layers, respectively. The GaN-related emission (E3) at ~355 nm is also identified at low 

temperature. It is also seen that, with decreasing temperature, the emission peak E1 exhibits a small 

blue-shift which has been commonly observed in previous studies [144, 229]. The IQE can be 

approximately estimated by the equation 𝐼𝑄𝐸 ~ 𝐼𝑃𝐿(𝑅𝑇) 𝐼𝑃𝐿(𝐿𝑇)⁄ , wherein 𝐼𝑃𝐿(𝑅𝑇) and 

𝐼𝑃𝐿( 𝐿𝑇) are the integrated PL intensity measured at room and low temperature, respectively. By 

assuming a near-unity IQE at 20K, Figure 4-7d shows the normalized integrated PL intensities of 

both whole and active region spectra measured under excitation of 50 mW as a function of 

temperature in an Arrhenius plot.  The IQE of the active region emission (E1) is derived to be 

~45% at room-temperature, which is consistent with previously reported IQE trend for AlGaN 

multiple quantum wells in the limit of extremely low dislocation densities [81]. The entire device 

structure showed an IQE value of 50% at room-temperature. The superior IQE is largely attributed 

to the highly effective carrier confinement in the active regions of extremely uniform and nanowire 

grown selectively. 

The nanowire arrays were subsequently fabricated into UV LED devices, schematically 

shown in Figure 4-9a. The AlxGa1-xN nanowire DH based LED fabrication process includes the 

following steps. At first, polyimide resist served as passivation layer was spin-coated to fully cover 

the nanowires, followed by a dry etching process to reveal the nanowire top surfaces (Figure 4-8).  
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Figure 4-8: A SEM image of AlGaN DH nanowires spin-coated with a polyimide layer. Nanowire 

top surfaces are revealed by a dry etching process.   

 

To remove any surface oxides, the devices were chemically treated by hydrochloric acid for 30 s 

immediately preceding metal evaporation. After that, Ni (20 nm)/Au (10 nm) and Ti (20 nm)/Au 

(100 nm) contact layers were deposited on the device top surface and n-GaN template to serve as 

p- and n-metal contacts, respectively. An annealing process at 550 ºC was performed in N2 gas 

ambient for 1 min. Finally, multiple metal grid patterns were deposited on the device surface to 

facilitate the hole transport and injection process. The devices exhibit excellent current-voltage (I-

V) characteristics.  
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Figure 4-9: (a) Schematic illustration of AlxGa1-xN LED device with a metal contact; (b)Typical 

I-V curve of AlxGa1-xN nanowire DH based LEDs with device size 50 × 50 µm2. Inset: I-V 

characteristics of device under forward and reverse bias under semi-log scale; (c) 

Electroluminescence (EL) spectra of AlGaN DUV LEDs measured under different injection 

currents. (d) Integrated EL intensity and peak position as a function of current density measured 

at room-temperature under pulsed biasing conditions (duty cycle of 1%). 

 

Shown in Figure 4-9b is the I-V curve for nanowire-based UV LEDs with areal size 50 × 50 μm2. 

The device has a small turn-on voltage of ~3.7 V, and the operation voltage is of ~4.1 V for a 

current density of 100 A/cm2, which is much better than AlGaN MQWs LED devices operating at 

similar wavelength [230]. The room-temperature EL spectra are shown in Figure 4-9c. The devices 

exhibit strong emission at 279 nm. For such high carrier concentrations, the luminescence emission 
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peak is typically blue-shifted relative to the energy bandgap of AlGaN. With increasing injection 

current, the peak emission (E1) exhibits a small blue-shift, i.e. from 279.6 nm at 50 A/cm2 to 277.6 

nm at 500 A/cm2, which is related to quantum-confinement Stark effect (Figure 4-9d) [231]. The 

EL spectral linewidth is ~18 nm. The weaker emission peak at 260 nm is due to electron overflow 

and emission from the p-Al0.6Ga0.4N layer. No other peak emission can be observed in visible 

wavelength range, which is in contrast to defect-related emissions commonly reported in AlxGa1-

xN MQW UV LEDs because of the deep level defects in AlxGa1-xN [230]. Illustrated in Figure 4-

9d is the integrated EL intensity as a function of injection current. The measurements were 

performed for current density ranging from 50 A/cm2 to 500 A/cm2 with 100 ns pulses at 1% duty 

cycle to reduce self-heating effect. As seen, the electroluminescence intensity increases near-

linearly with increasing injection current. The output power at current density of 500 A/cm2
 is 

estimated to be ~3.5 W/cm2. Significantly enhanced light output power is expected by improving 

carrier injection efficiency and optimizing the light extraction efficiency. 

4.4. Conclusion  

In summary, we have successfully demonstrated Al-rich AlxGa1-xN nanowire arrays grown 

by selective area epitaxial growth technique, covering the entire UV spectral range. The nanowires 

exhibit high crystal quality confirmed by detailed (S)TEM studies and superior optical property 

including an IQE of ~45% and a PL linewidth of 11 nm under excitation of 193 nm laser at room-

temperature. We also demonstrated for the first time SAG AlxGa1-xN nanowire based DUV LEDs 

emitting at 279 nm with superior optical and electrical performance, including a small turn-on 

voltage of ~3.7V and a light output power of ~3.5W/cm2 at a current density of 500 A/cm2.  The 

realization of tunable emission of well-controlled AlxGa1-xN nanowires grown by SAG technique 
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as well as superior performance of DUV devices made from such nanowires will provide great 

potential in optoelectronic applications operating in UV range. 
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Chapter 5: Controlled Coalescence of AlGaN Nanowire Arrays: An 

Architecture for Nearly Dislocation-Free Planar Ultraviolet 

Photonic Device Applications 

5.1.  Introduction 

The performance of GaN-based devices, including LEDs, LDs and transistors depends critically 

on the material quality. To date, dislocation densities on the order of 108 cm-2, or higher have been 

commonly measured in AlGaN and InGaN heterostructures grown on sapphire, SiC and other 

foreign substrates [13, 80, 81]. With the use of epitaxial lateral overgrowth, significantly reduced 

dislocation densities (~106 cm-2) have been achieved in GaN film structures [84, 89-91]. A 

limitation of this approach, however, is that dislocation reduction occurs primarily over the mask 

regions, instead of the entire film [84, 86].  Another major challenge for achieving high 

performance LEDs and lasers operating in the deep visible and deep UV spectral ranges is the 

large polarization fields associated with the conventional c-plane of wurtzite III-nitrides [100-104]. 

Such critical challenges can be potentially addressed by utilizing low-defect density 

semipolar/nonpolar GaN, AlN, and AlGaN (or InGaN) templates/substrates [67, 78, 232-234]. 

Progress in this field, however, has been severely hindered by the lack of low-cost, large-area, 

high-quality semipolar/nonpolar substrates. Alternatively, nearly dislocation-free (Al)GaN, or 

(In)GaN nanowire heterostructures can be readily achieved on foreign substrates, due to the 

efficient surface stress relaxation [142, 145, 220, 235]. The use of nanowires for large area deep 

UV LEDs, however, has been limited by the lack of suitable UV-transparent polymers for surface 

passivation and planarization. Attempts have been made to form large-area planar structures 
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through nanowire coalescence [166, 236]. The resulting suspended film can then serve as a virtual 

template/substrate for the epitaxy of various electronic and photonic devices and eliminate the 

need of surface passivation and planarization. Previous studies have focused on the use of 

spontaneously formed nanowires [166-168, 236], schematically illustrated in Figure 5-1a. Due to 

the lack of control over their size, height, morphology, and twist/tilt in crystal orientation [152, 

166, 167, 169-171], the coalescence of such randomly mis-oriented nanowires generally leads to 

the presence of strain, inversion domains, low-angle grain boundaries and networks of structural 

defects including dislocations at the coalescence boundary [167, 171-173]. Shown in insets of in 

Figure 5-1a are schematic diagrams of in-plane and out-of-plane views when two mis-oriented 

nanowires coalesce at a grain boundary with tilt angle θ, as represented by a simple cubic structure. 

Such low-angle grain boundaries results in a periodic network of edge dislocations of spacing d 

with Burgers vector b modeled using the Frank equation [237],  

𝑑 =
𝒃

2sin (
𝜃

2
)
                                                                                                                     Eq. (5-1) 
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Figure 5-1: (a) Schematic illustration of the coalescence of mis-oriented nanowires, resulting in 

low-angle grain boundaries represented by a basic grid-like simple cubic structure. Insets: Top and 

side views showing in-plane and out-of-plane mis-orientations, respectively. (b)  Illustration of the 

absence of dislocations when two nanowires with nearly identical orientations are coalesced. 

Insets: Top and side views showing dislocation-free structures, respectively. 
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As a consequence, the realization of any practical devices has not been possible. The formation of 

dislocations, however, can be largely eliminated, schematically shown in Figure 5-1b, if coalesced 

nanowires have nearly identical orientation relationship with respect to the substrate, i.e. negligible 

small θ. In the coalescence process, the formation of dislocations is not energetically favorable 

given the presence of a negligible mis-orientation, such that a very small degree of distortion (bond 

length and bond angle) can be accommodated. Moreover, the gradual increase of the nanowire 

diameter allows for a controllable, progressive relaxation towards the bulk state, which minimizes 

the formation of dislocations upon coalescence, illustrated in Figure 5-1b. By suppressing the 

formation and propagation of dislocations in both the nanowire growth and coalescence process, 

defect-free AlGaN (or InGaN) templates can be potentially realized on foreign substrates. 

Evidently, critical to achieve such a nearly dislocation-free coalescence process is a precise 

control of the position, size, and orientation of nanowires. In this context, we have demonstrated, 

for the first time, nearly dislocation-free AlGaN film structures on sapphire substrate (lattice 

mismatch ~13-16%) through controlled coalescence of GaN/AlGaN nanowire arrays via selective 

area epitaxy. Detailed scanning transmission electron microscopy (STEM) studies further show 

that the coalesced AlGaN film consists of semipolar {1103} planes and possess strong chemical 

ordering, which leads to strong quantum-confinement of charge carriers and reduced polarization 

field. With the incorporation of Mg-dopant, the coalesced AlGaN film exhibits excellent p-type 

characteristics, including a free hole concentration of ~7.4×1018 cm-3 and mobility of ~8.85 

cm2/V·s at room-temperature, which are nearly a factor of ten and two times higher than previously 

reported values, respectively.[34-36] We have further demonstrated semipolar AlGaN LEDs, which 

operate at ~340 nm and exhibit excellent electrical and optical performance, including an IQE of 

~83% and an output power of 15 W/cm2 for an unpackaged device at an injection current of 90 
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mA (900 A/cm2). By forming nearly dislocation-free AlGaN templates through controlled 

nanowire coalescence, this work provides a viable approach for achieving high efficiency GaN-

based semipolar deep UV light emitters, including LEDs and laser diodes directly on sapphire, or 

other low-cost, large-area substrate.  

5.2. Coalesced AlGaN Nanowire Arrays by Selective Area Growth 

Schematically shown in Figure 5-2a, the selective area epitaxy of GaN/AlGaN nanowire arrays 

takes place on 2D GaN template on c-plane sapphire substrate by employing a thin (~10 nm) Ti 

layer as the growth mask (see Section 4.2) [186, 238, 239]. Nanohole arrays were then created on 

the Ti mask by using the afore-described procedure, including e-beam lithography and reactive 

ion etching. Hexagonal openings were arranged in a triangular lattice, with a lattice spacing a and 

a lateral size h for each opening. The nano-patterned substrate was then cleaned using standard 

solvent prior to loading into the MBE growth chamber. The Ti layer was nitridized in the reaction 

chamber at 400ºC to prevent the formation of cracks and degradation at elevated temperature. GaN 

nanowire arrays (height ~350 nm) were first selectively grown in the opening apertures by using 

radio frequency plasma-assisted molecular beam epitaxy (MBE), then followed by AlGaN 

segments. The growth conditions for GaN/AlGaN nanowire heterostructures included the 

following steps. n-Type GaN nanowire arrays were first grown with a substrate temperature of 915 

°C, nitrogen flow rate of 0.33 sccm, and Ga flux of ~1.3×10-7 Torr. Subsequently, the n- and p-

type AlGaN cladding layers were grown at substrate temperatures of 960 – 980°C, and Ga and Al 

beam fluxes of ~1.05×10-7 Torr and ~3.3×10-8 Torr, respectively. The AlGaN active layer was 

grown with a nitrogen flow rate of 0.33 sccm, substrate temperature of 980°C, Ga and Al beam 

fluxes of ~1.05×10-7 Torr and ~1.86×10-8 Torr, respectively. The substrate temperature mentioned 

here refers to the thermocouple reading on the backside of the substrate. The real substrate surface 
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temperature is 100 – 150C lower, depending on the substrate and sample size. Mg beam 

equivalent pressure was ~2.8×10-9 Torr for the Mg-doped AlGaN layer. 

 

Figure 5-2: (a) Left: Arrays of nanoscale opening apertures defined by e-beam lithography process 

on a Ti mask on planar GaN template on c-plane sapphire substrate. Right: Schematic of the 

selective area epitaxy of GaN nanowire arrays on the nano-patterned substrate. (b)  45°-tilted view 

SEM image showing GaN nanowire arrays selectively grown in the opening apertures. Inset: High-

magnification SEM image of GaN nanowire arrays. (c)  Illustration of the concept of gradual 

coalescence process that leads to the formation of semipolar AlGaN film structures. (d) Top-view 

SEM image of the AlGaN film structure formed through controlled coalescence of AlGaN 

nanowire arrays grown on sapphire substrate with a lattice spacing a ~250 nm and a lateral size h 

~180 nm for each opening. Inset: High-magnification SEM image of coalesced AlGaN nanowire 

arrays. 
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Shown in Figure 5-2b is the SEM image of GaN nanowires, which exhibit a high degree of size 

uniformity and are vertically aligned along the c-axis. Each nanowire has a well-defined hexagonal 

pyramid morphology comprised of six semipolar top facets. Subsequently, AlGaN nanowire 

segments were grown on top of the GaN nanowire template (see experimental section). The 

incorporation of Al leads to a small enhancement of the lateral growth, which is estimated to be 

~1 nm/min. As a consequence, the spacing between neighboring nanowires is slowly reduced as 

growth proceeds, leading to a gradual coalescence between neighboring nanowires, illustrated in 

Figure 5-2c. The top-view SEM image of the resulting AlGaN film structure is shown in Figure 5-

2d. Intriguingly, the AlGaN film consists of well-ordered semipolar planes, which was also 

demonstrated previously in coalesced InGaN nanowire arrays [240]. Such unique quasi-three-

dimensional semipolar surface offers several advantages, including reduced polarization fields, 

enhanced Mg-dopant incorporation [241, 242], and efficient strain relaxation to prevent the 

formation of dislocations and cracks (described in the subsequent Section).   

5.3.  Device Characterization  

5.3.1. Hall Effect Measurement 

For practical device applications, it is essential to demonstrate efficient p-type conduction in 

the coalesced AlGaN layers. In GaN-based materials, the presence of point defects and dislocations 

generally leads to n-type characteristics. The performance of AlGaN-based UV optoelectronic 

devices has often been limited by poor p-type conduction [243, 244]. In this study, the coalesced 

Al0.35Ga0.65N layers were doped p-type with Mg. The Mg doping concentration is estimated to be 

in the range of 1020 cm-3, which was derived based on secondary ion mass spectroscopy 
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measurements on Mg-doped epilayers grown under similar conditions. p-Type conduction was 

confirmed by Hall effect measurements, schematically shown in Figure 5-3. 

 

Figure 5-3: (a) Schematic setup of Hall effect measurements of Mg-doped AlGaN layers using 

standard Van der Pauw configuration. (b) An optical image of fabricated device for Hall effect 

measurements. 

 

Hall effect measurement was performed at various temperatures to measure the free hole 

concentration and mobility of Mg-doped AlGaN layers using the standard Van der Pauw 

configuration. The coalesced AlGaN:Mg film region has an area of 100 × 100 μm2 and a thickness 

of 50 nm. The metal contact consists of Ni (20 nm)/Au (100 nm) layers, which were deposited by 

e-beam evaporator and annealed at 550ºC in N2 ambient for 1 min to form Ohmic contacts. Below 

the coalesced AlGaN film are discrete GaN nanowires, which are non-doped and spatially isolated. 

The magnetic field strength is 3000 Gauss. The sample was mounted in a cryostat for temperature 

variable Hall effect measurements. 

Shown in Figure 5-4a are the variations of Hall mobility (μH) and hole concentration (p) in the 

temperature range of 77 K to 300 K. At room-temperature, the hole mobility and concentration are 

~8.85 cm2/V·s and ~7.4 × 1018 cm-3, respectively. The coalesced, free-standing AlGaN film 
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structure exhibits a factor of two enhancement in hole mobility and at least an order of magnitude 

higher hole concentration, compared to previous studies on p-type AlGaN epilayers [92, 245]. 

Significantly enhanced Mg-dopant incorporation and activation efficiency have also been reported 

previously for semipolar GaN compared to GaN(0001) [241, 242].  

 

Figure 5-4: (a) Variation of Hall mobility and hole concentration of Mg-doped AlGaN contact 

layer as a function of temperature. (b) Hole concentration of p-AlGaN as a function of reciprocal 

temperature. Dashed line is the fitting result of the Arrhenius plot. 

 

Shown in Figure 5-4a, the mobility increases with decreasing temperature and reaches a peak value 

~94 cm2/V·s at 160 K. With further decreasing temperature, the mobility shows a small decrease. 

The hole concentration decreases with temperature, due to carrier freeze-out. An Arrhenius plot of 

the hole concentration as a function of reciprocal temperature is shown in Figure 5-4b. The 

acceptor activation energy (EA) can be fitted by the following equation [246], 

𝑝(𝑝+𝑁𝐷)

𝑁𝐴−𝑁𝐷−𝑝
=

𝑁𝑉

𝑔
exp (−

𝐸𝐴

𝑘𝑇
)                                                                           Eq. (5-2)     
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where p, NA and ND are the hole, acceptor and donor concentrations, respectively. NV is the effective 

density of states, 𝑁𝑉 = 2(2𝜋𝑚ℎ
∗ 𝑘𝑇)3 2⁄ ℎ3⁄ , and g is the acceptor degeneracy factor which is 

assumed to be 2. By using a hole effective mass 𝑚ℎ
∗ = 1.5𝑚0 for Al0.35Ga0.65N [98],  EA is 

estimated to be ~47 meV, which agrees well with the previously reported values in Mg-doped 

AlGaN with Al content above 0.3 and is suggested to be related to hole hopping conduction in the 

Mg impurity band [92, 247]. Recently, excellent current-voltage characteristics have also been 

measured from AlN p-i-n diode in the temperature range of 77 K to 300 K [145]. 

5.3.2. Structural Characterization  

The realization of high-quality p-type AlGaN epilayers provides a distinct opportunity to develop 

a new generation of UV optoelectronic devices. Illustrated in Figure 5-5a is the schematic diagram 

of coalesced AlGaN LED heterostructure grown on sapphire substrate, which consists of a 400-

nm Si-doped GaN, 120-nm Si-doped Al0.35Ga0.65N, 30-nm undoped Al0.14Ga0.86N active region, 

and 80-nm Mg-doped Al0.35Ga0.65N segment. Shown in Figure 5-5b is the SEM image of the 

coalesced nanowire arrays taken with a 45° angle. Gradual coalescence was initiated during the 

growth of n-GaN layer. The resulting AlGaN film structure exhibits unique quasi 3-D feature 

consisting of semipolar top facets. Detailed structural characterization at atomic-resolution was 

performed with a double aberration-corrected FEI Titan Cubed 80-300 scanning transmission 

electron microscope (STEM) operated at 200 kV. A cross-sectional TEM specimen of the 

nanowire arrays (across the coalesced sidewalls) was prepared by focused ion beam (FIB) milling 

using a Zeiss NVision 40 dual-beam system with deposited Pt and C as protection layer. Atomic-

number sensitive (Z-contrast) STEM-high-angle annular dark-field (HAADF) images were 

obtained using a probe semi-angle of 19 mrad and a detector angular range of 63.8-200 mrad. 

Elemental mapping by electron energy-loss spectroscopy (EELS) in STEM mode was done with 
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the Ga L2,3 and Al K-edges with the spectrum imaging technique. Weighted-principal components 

analysis (PCA) was applied for noise reduction of the spectrum images using the multivariate 

statistical analysis (MSA) plugin implemented within DigitalMicrograph by HREM Research Inc. 
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Figure 5-5: (a) Schematic diagram showing AlGaN double heterostructure (DH) LED structure. 

(b) SEM image of coalesced AlGaN nanowire LED structure. (c) STEM-HAADF image of an 

array of coalesced AlGaN nanowires in cross-section along {1120} zone-axis, showing the apex-

like prismatic nature of the nanowires and the coalescence boundaries marked by red arrows. (d)-

(e) High-magnification images of the fully coalesced boundaries from boxed region in (c). (f) 

Elemental maps from STEM-EELS showing the variations in Ga and Al elemental distribution 
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within the AlxGa1−xN DH and the n-GaN nanowire template. (g) Diffraction pattern from the FFT 

of the image in (h) indicating the pyramid apex are aligned along the c-axis growth direction. The 

extra satellite reflections (circled in red) with a spacing of 𝑔11̅03/5 in the 1103
 
direction 

correspond to the periodicity of the chemical ordering within the AlGaN alloys. (h) High-

magnification view of the boxed region in (e) showing the strong image intensity modulations 

parallel to the faceting along 1103
 
in all layers within the AlGaN DH. Bright band at the i-

AlGaN/AlGaN:Mg interface is attributed to projection effects. 

 

Figure 5-5c is a HAADF image of an array of AlGaN heterostructure nanowires observed in 

cross-section along the a-plane orientation, illustrating the atomic-number sensitive Z-contrast of 

the imaged material. The brighter regions correspond to the n-GaN nanowire template and the 

AlGaN active region, wherein the Al composition is lower than that of the AlGaN cladding layers. 

The cross-sectional view confirms m-plane termination at the nanowire sidewalls at the AlGaN 

double heterostructure and top of the n-GaN, which are also the coalescence boundary planes. The 

inclined surfaces in the lower section of the n-GaN nanowire template, where the nanowire 

diameter increases gradually, are composed of (1100) and 

   

(1101) nano-facets, shown in Figure 5-

6. All interfaces in the cross-section show an inclination of ~35°, indicative of semipolar {1103} 

plane termination from the hexagonal pyramidal cap of the n-GaN nanowire template, which was 

relayed to the growth of the subsequent AlGaN heterostructure. Significantly reduced polarization 

field is therefore expected from such semipolar AlGaN LED active regions, and can be engineered 

as a function of the inclination angle by altering the surface energies with growth conditions [248]. 

Moreover, the resulting 3-D surface, compared to a conventional 2-D surface, has shown to be 

highly effective in strain relaxation during heteroepitaxy [249, 250]. Red arrows are pointed to 

boundaries where adjacent wires are coalesced in Figure 5-5c. A detailed examination was further 
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investigated by atomically-resolved STEM images taken at different boxed regions (red, blue, and 

orange) corresponding to Figure 5-5d, 5-5e, and 5-5h, respectively. No dislocations or stacking 

faults are observed within the AlGaN double heterostructure in individual wires or at coalescence 

boundaries, in contrast to the structural defects commonly observed in spontaneous (Al)GaN 

nanowires [168-170, 173, 251]. A few dislocations were observed in the planar GaN template, but 

did not propagate into the n-GaN nanowire base or they bent towards the nanowire sidewall surface 

prior to nanowire coalescence as shown in Figure 5-7, similar to patterned AlN nanowire arrays 

with nanometric air gaps reported previously [252].  

 

Figure 5-6: STEM-HAADF images of a pair of coalesced AlGaN nanowires in cross-section along 

{1120} zone-axis. (a) High-magnification image of the n-GaN nanowire template region at the 

air-gap below the coalescence boundary. Macroscopic termination of the inclined surface is a 

  

{44 01 } plane. (b) Detailed view of the red-boxed region in (a), showing atomic-scale nano-facets 

made up of m-plane (1100)(dotted lines) and s-plane 

   

(1101) (solid lines) surfaces. 
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Figure 5-7: (a) STEM-HAADF image of an array of AlGaN nanowires in cross-section along 

{1120} zone-axis with varying degree of coalescence between adjacent nanowires. Two threading 

dislocations (arrowed in red) in the planar GaN template are also visible; as shown in the inset, 

one dislocation propagated to the nanowire above and is bent towards the nanowire sidewall. (b) 

Elemental maps using STEM-EELS from the nanowire boxed in green in (a) showing the 

variations in Ga and Al elemental distribution within the AlxGa1−xN DH and the n-GaN nanowire 

template. Minor segregation of Al at the coalescence boundary on the right is visible. (c) Higher 

magnification view of the nanowire region boxed in blue in (a). (d)-(e)-(f), various detailed views 

of regions marked in (c) of the top AlGaN:Mg layer. 

 

Additional diffraction contrast imaging in TEM under weak-beam dark-field conditions (g = 0002 

and g = 1100) further confirmed that the AlGaN nanowires examined are dislocation-free. The 

image fast Fourier transform (FFT) in Figure 5-5g shows that the apex of the hexagonal pyramid 

is aligned along [0002]. The crystal lattice is well-aligned and coherent across the coalescence 
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boundary, and suggests a negligible misalignment in crystal orientation at the boundary of adjacent 

nanowires (< 0.25° mis-orientation in the zone-axes were observed in the electron diffraction from 

adjacent nanowires). Assuming edge dislocations with Burgers vector of b = 1/3 1120  as in the 

case of low-angle grain boundaries as depicted schematically in Figure 5-1a, the spacing of any 

dislocations due to a mis-orientation in adjacent nanowires is estimated using the Frank equation 

(Equation (5-1)) [237]. A mis-orientation of < 0.25° is estimated to generate dislocations separated 

by a distance of ~75 nm, which is similar to the TEM cross-section thickness (~65 – 70 nm) and 

the coalescence boundary in contact along m-plane (~90 – 100 nm) between air gaps. As a result, 

the formation of dislocations is not necessary, nor energetically favorable at the coalescence 

boundary.  

We have further performed EELS elemental mapping of the nanowires and confirmed the 

formation of AlGaN double heterostructures in Figure 5-5f by changes in the Ga and Al 

concentrations between the cladding and active layers (see also Supporting Information). High-

magnification view of the AlGaN double heterostructure reveals strong STEM-HAADF image 

intensity modulations along the 1103
 
directions within both the AlGaN cladding and AlGaN 

active regions (see Figure 5-5h), which can lead to strong quantum-confinement of charge carriers. 

Such image intensity modulations have a periodicity of ~7.4 Å (5 times the {1103} plane d-

spacing from satellite reflections in Figure 5-5g), and can be attributed to chemical ordering 

(alternating Al-rich/Ga-rich planes) within the AlGaN alloys [253]. Similar compositional 

fluctuations have been previously documented in self-organized AlGaN nanowires both along the 

c-plane and inclined from the c-axis on semipolar planes [228]. The semipolar plane faceting of 

various interfaces suggests that the growth front progressed along such pyramidal planes, leading 
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to the kinetically driven modulation of Ga- and Al-incorporation that results in spontaneous 

chemical ordering at the growth surface [228, 253]. 

5.3.3. Optical and Electrical Characterization 

Optical properties of the semipolar AlGaN LED heterostructures were studied using 

temperature-dependent PL spectroscopy. PL measurements were carried out using a 266 nm diode-

pumped solid-state (DPSS) laser. A UV neutral density filter was used to adjust the laser excitation 

power. The emitted light was collected and spectrally resolved by a high-resolution spectrometer 

and detected by a liquid nitrogen cooled CCD. A long pass filter (> 270 nm) was placed in front 

of the spectrometer to eliminate scattered light from the laser beam. Temperature dependent PL 

measurements were performed by using a helium closed-loop cryostat with temperature varying 

in range of 20 K to 300 K.  

Illustrated in Figure 5-8a is the PL spectra measured at 20 K and room-temperature under an 

excitation power of 4 mW. The emission peaks E1 (~340 nm) and E2 (~304 nm) correspond to the 

transitions associated with the Al0.14Ga0.86N active region and Al0.35Ga0.65N cladding layers, 

respectively. The GaN-related emission at ~358 nm (E3) is also identified. Figure 4b shows the 

normalized integrated PL intensity of the active region and the entire device as a function of 

temperature in an Arrhenius plot. The IQE is estimated by  IPL(RT) IPL(20 K)⁄ , wherein IPL(RT) 

and IPL(20 K) are the integrated PL intensity measured at room-temperature and 20 K, 

respectively, assuming a near-unity IQE at 20K. 
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Figure 5-8: (a) Photoluminescence (PL) spectra measured at 300 K and 20 K under an excitation 

power of 4 mW. E1, E2 and E3 correspond to peak emission from Al0.14Ga0.86N active region, 

Al0.35Ga0.65N cladding layers and GaN, respectively. (b) Variations of the integrated PL intensity 

vs. inverse temperature for the active region (E1) emission and the whole spectra.  

 

The IQE of the active region emission (E1) is derived to be ~83% at room-temperature, which 

is consistent with previously reported IQE trend for AlGaN multiple quantum wells in the limit of 

extremely low dislocation densities [81]. The entire device structure showed an IQE value of 65% 

at room-temperature, which is also significantly better than AlGaN ternary nanowires measured 

under similar conditions [144]. The superior optical performance is consistent with the suppression 

of dislocations in the coalesced film structures demonstrated by (S)TEM studies. Moreover, the 

quantum-confinement of charge carriers and the reduced polarization field, due to the presence of 

the extensive periodic chemical ordering in the active region and the semipolar surfaces, 

respectively, also contribute to the extremely high luminescence efficiency. 
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Schematically shown in Figure 5-9a, semipolar AlGaN LEDs were subsequently fabricated 

and characterized. The fabrication of semipolar AlGaN LED devices included the following steps. 

Ni (20 nm)/Au (10 nm) and Ti (20 nm)/Au (100 nm) contact layers were deposited on the device 

top surface and n-GaN template to serve as the p- and n-metal contacts, respectively. Prior to metal 

deposition, the sample was soaked in hydrochloric acid for 30 s to remove any surface oxides. An 

annealing process was performed at 550ºC in N2 gas ambient for 1 min. Multiple metal grid 

patterns were then deposited on the device surface to facilitate the hole transport and injection 

process. The current-voltage characteristics of semipolar AlGaN LEDs were measured using a 

source meter Keithley SMU 2400. The emitted light was collected and spectrally resolved by a 

high-resolution spectrometer and detected by a CCD. For a given injection current, the output 

power of semipolar AlGaN LEDs was measured by an optical power meter. 
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Figure 5-9: (a) Schematic illustration of semipolar AlGaN LED device with metal contacts. (b) 

Typical I-V curve of AlGaN semipolar LEDs with device size 100×100 µm2. Inset: I-V 

characteristics plotted in semi-log scale. (c) Electroluminescence (EL) spectra of semipolar AlGaN 

LEDs measured under different injection currents. (d) Light output power vs. current density 

measured at room-temperature under pulsed biasing conditions (duty cycle of 1%). 

 

The devices exhibit relatively good current-voltage characteristics. Shown in Figure 5-9b is the I-

V curve for a device with an area size of 100 × 100 μm2. The device has a small turn-on voltage 

~3.3 V, and the operation voltage is ~4.4 V for a current density of 100 A/cm2, which is comparable 

to, or better than AlGaN MQW based LED devices operating at similar wavelengths [254-257]. 

The leakage current measured under reverse bias is likely through any non-coalesced nanowires 
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in the large area device, since no surface passivation or planarization layer was used during the 

device fabrication. The EL spectra measured at room-temperature are shown in Figure 5-9c. The 

devices exhibit strong emission at 340 nm, which agrees well with the PL measurements. The very 

weak emission peak at 310 nm is due to electron overflow and emission from the p-AlGaN layer. 

No other defect-related emission is observed in the visible wavelength range. For comparison, 

such defect-related emission has been commonly reported in AlGaN quantum well UV LEDs, due 

to the presence of deep level defects in conventional AlGaN epilayers [230]. This further confirms 

the superior quality semipolar AlGaN film structures formed by controlled nanowire coalescence. 

It is also seen that, with increasing current, the emission peak (E1) exhibits a small blue-shift, 

which is related to the filling of the Ga-rich regions, due to the presence of extensive chemical 

ordering, and is also partly induced by the quantum-confined Stark effect [231]. The spectral 

linewidth (full-width-at-half-maximum) increases from 18 nm at 1.7 A/cm2 to 25 nm at 80 A/cm2 

and then remains constant with further increasing current. Illustrated in Figure 5-9d is the measured 

output power vs. current for the semipolar AlGaN LEDs. It is seen that the output power increases 

near-linearly with injection current, and an output power of ~15 W/cm2 was measured at room-

temperature at current density of 900 A/cm2. Significantly enhanced output power is expected by 

optimizing the light extraction efficiency. 

5.4.  Conclusion 

In summary, in this Chapter, we have demonstrated semipolar AlGaN templates through controlled 

nanowire coalescence on sapphire substrate. Detailed (S)TEM studies confirmed that such unique 

AlGaN quasi 3-D film structures are nearly free of dislocations, which is unequivocally supported 

by the extremely high room-temperature luminescence efficiency, superior charge carrier transport 

properties, and excellent electrical and optical performance of UV LED devices made from such 



95 

 

coalesced film structures. The presence of negligible levels of defects and dislocations is 

unprecedented for any AlGaN film structures grown on sapphire substrate (lattice mismatch ~13-

16%) [258]. Such a remarkable achievement is attributed to the use of: i) small size GaN nanowires 

to eliminate the propagation of dislocations from the underlying substrate, ii) selective area epitaxy 

to achieve a precise control of nanowire size, position, and orientation, iii) gradual and controllable 

coalescence to suppress the formation of dislocations, and iv) quasi 3-D surface structure to further 

relax strain and prevent dislocation and crack formation. As demonstrated in this work, high 

efficiency planar deep UV photonic devices, including LEDs, lasers, and photodetectors can be 

achieved by using such a unique nanowire-based architecture on virtually any substrate. Moreover, 

this concept can be extended for the scaled up manufacturing of large-area, dislocation-free 

semipolar GaN, AlN, and/or AlGaN free-standing templates/substrates that were not previously 

possible.  

 

 

 

 

 

 

 



96 

 

Chapter 6: Ultralow Threshold GaN/AlGaN Nanowire Edge 

Emitting Ultraviolet Lasers 

6.1.  Introduction 

 

In this Chapter, we will investigate the epitaxial growth, fabrication, and characterization 

of AlGaN nanowire semiconductor lasers that can operate in the UV spectral range. GaN-based 

semiconductor ultraviolet lasers are of tremendous importance for applications in lighting, display, 

water purification, disinfection, chemical and biochemical sensors, and medical diagnostics. To 

date, the performance of GaN-based lasers degrades considerably with increasing Al content, i.e. 

decreasing operation wavelength. For example, the currently reported Ga(Al)N UV edge emitting 

lasers generally exhibit threshold current density ~10 kA/cm2, or higher [78, 79, 196, 198, 199]. 

The shortest wavelength that has ever been reported for such edge emitting lasers is ~336 nm 

[199]. The poor performance of such devices is fundamentally limited by the presence of large 

densities of defects and dislocations, the strong polarization fields, and the inefficient p-doping in 

AlGaN materials (see Section 1.1.2). Recently, with the use of nanowire structures, high efficiency 

light emitting diodes and lasers have been demonstrated in the visible range. Nanowire structures 

can offer several fundamental advantages, including low defect density, much reduced strain-

induced polarization fields, and significantly enhanced dopant incorporation (see Section 1.2.2). 

However, the realization of efficient nanowire lasers in the UV wavelength range has been very 

limited. Previous studies generally focus on single wire devices under optical pumping [259-263]. 

For practical applications, it is of significant interest in developing electrically injected edge 
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emitting lasers by using such defect-free nanowire structures. It is also highly desirable that such 

devices can be grown directly on low cost, large area substrates such as Si.  

To realize nanowire edge emitting lasers, any optical scattering loss related to variations of 

nanowire size, density, and spacing should be substantially reduced. Therefore, the epitaxial 

growth and structural properties of such nanowire arrays need to be carefully controlled and 

engineered. In the conventional nanowire formation process, III-nitride nanowire arrays generally 

exhibit random distribution in position and a high degree of non-uniformity in size and height 

distribution (see Section 2.2.2). As discussed in Section 2.3, such issues can be well-addressed by 

using SAG technique. To date, however, an electrically injected semiconductor nanowire laser 

with the selective area growth process has not been demonstrated. In addition, the direct formation 

of high quality AlGaN nanowires by this growth process has remained elusive.  

In this work, we have performed a detailed investigation of large-area GaN/AlGaN nanowire 

arrays using SAG technique on n-GaN template on sapphire substrate. Such nanowire structures 

exhibit nearly identical size distribution and strong PL emission in the wavelength rang of ~370 

nm. The nanowire arrays are then fabricated into edge emitting lasers. The devices exhibit ultralow 

threshold current (~10 mA) under continuous wave operation at room-temperature. The spectral 

linewidth is as narrow as ~0.2 nm. Detailed polarization measurements further confirm the 

emission is predominantly TE polarized, further confirming the achievement of lasing. This is the 

first demonstration of electrically injected semiconductor lasers with the use of selectively area 

grown nanowire arrays. The laser threshold current is nearly 2 orders of magnitude lower, 

compared to conventional GaN quantum well lasers in this wavelength range [79, 264, 265]. The 

measured laser threshold also compares favorably with the threshold power (~120 kW/cm2) of 

single GaN nanowire devices under optical pumping [260, 266]. 
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6.2.  GaN/AlGaN Nanowire Edge Emitting Laser by Selective Area Growth and 

Device Fabrication 

 The selective area growth takes place on n-GaN templates on sapphire by using a thin Ti 

layer (~10 nm) as the growth mask. Nanoscale patterns with a hole diameter of 300 nm and a 

center-to-center spacing of 400 nm arranged in a rectangular lattice were created using standard e-

beam lithography and reactive ion etching techniques. Sizes of the nanohole arrays were varied in 

the range of tens to hundreds of µm for the fabrication of large area nanowire edge emitting lasers. 

Prior to loading into the growth chamber, the patterns were carefully cleaned by standard solvents. 

The Ti layer was nitridized in the reaction chamber at ~400ºC. Subsequently, vertically aligned 

GaN/AlxGa1-xN (x = ~0.1 ̵ 0.15) nanowire arrays were grown using a Veeco Gen-II plasma-

assisted MBE system. Illustrated in the inset of Figure 6-1a, from bottom to top the device 

heterostructure consists of n-Ga contact, n-AlGaN, MQWs active region, p-AlGaN, and p-GaN 

contact layers. Five GaN (2 nm) /AlGaN (4 nm) QWs are incorporated as the gain medium. The 

growth conditions of GaN/AlGaN MQW nanowire structures include the following steps. n-type 

GaN nanowire arrays were first grown with a substrate temperature of ~920°C, a nitrogen flow 

rate of 0.3 sccm, a RF plasma forward power of 350 W, and a Ga beam flux of ~3.69 × 10-7 Torr. 

Subsequently, the n- and p-type AlxGa1-xN cladding and guiding layers were grown at substrate 

temperature of 940°C, and Ga and Al beam fluxes of ~3.7×10-7 Torr and ~2.1×10-8 Torr, ~8.4×10-

9 Torr, respectively. The MQWs active layer sandwiched between the n- and p-type guiding layers 

was grown with a nitrogen flow rate of 0.3 sccm, substrate temperature of 920°C, Ga and Al beam 

fluxes of ~3.71×10-7 Torr and ~8.4×10-9 Torr, respectively. The nanowire edge emitting laser is 

illustrated in Figure 6-1a. During the growth of AlGaN nanowire segment, the lateral growth is 

significantly enhanced, leading to increased nanowire diameter and very small air gap amongst 
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nanowires. Shown in Figure 6-1b is a SEM image of the nanowire arrays. It is seen that the 

nanowires exhibit a high level of size uniformity. Due to the small air gap between adjacent 

nanowires, optical scattering loss can be substantially reduced. Optical properties of the AlGaN 

MQW nanowires were subsequently studied by using temperature-dependent PL spectroscopy 

associated with a closed-loop liquid helium compressor. The nanowires exhibit strong PL emission 

in the wavelength rang of ~370 nm at room-temperature as shown in Figure 6-1c. The nanowire 

edge emitting laser fabrication process includes the following steps. At first, to create clean 

contact-nanowire interfaces, the devices were chemically treated by hydrochloric acid for 30 s 

immediately preceding metal evaporation. Then Ni(20 nm)/Au(100 nm) and Ti(20 nm)/Au (100 

nm) metal layers were deposited on the nanowire top surfaces and n-GaN template to serve as p-

and n-metal contacts, respectively. Subsequently, an annealing process at 550 ºC was performed 

in N2 ambient for 1 min. The nanowire laser facets were then carefully polished by focused ion 

beam etching to remove any surface roughness and to enhance reflectivity. Multiple pairs of 

SiO2/air distributed Bragg reflectors (DBRs) were then deposited near the front and back facets, 

schematically shown in Figure 6-1a. Illustrated in Figure 6-1d., a SEM image of the fabricated 

laser device together with the presence of DBRs.  
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Figure 6-1: (a) Schematic illustrations of GaN/AlxGa1-xN MQW nanowire heterostructures grown 

on sapphire substrate and complete edge emtting laser device. (b) A SEM image of SAG MQW 

nanowire heterostructures on Ti mask pre-patterned substrate. (c) Room-temperature PL spectrum 

of nanowire heterostructures. (d) SiO2/Air Distributed Bragg reflectors. 

 

6.3.  Device Characterization and Discussion 

The fabricated nanowire edge emitting lasers exhibit relatively good I-V characteristics. 

Illustrated in Figure 6-2a is the I-V curve measured at room-temperature. The device shows a 

relatively low turn on voltage of ~3.5 V and exhibit small leakage current under reverse bias (inset 

of Figure 6-2a). Room-temperature EL spectra were collected using an optical fiber and analyzed 

by a high resolution spectrometer equipped with a photomultiplier tube (PMT). 
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Figure 6-2: (a) I-V characteristics measured at room-temperature of GaN/AlxGa1-xN MQWs 

nanowire-based laser device. Inset: I-V characteristics of the device under forward and reserve 

bias in a semi-log scale. (b) Fabry-Pérot modes measured under CW biasing conditions at room-

temperature.  

 

Shown in Figure 6-2b, the presence of multiple resonance modes can be clearly measured. 

The mode spacing is estimated to be ~0.3 nm. The light-current characteristics are plotted in Figure 

6-3a. A threshold of ~10.6 mA can be clearly measured, which is 2 orders of magnitude lower, 

compared to conventional GaN quantum well lasers in this wavelength range [79, 264, 265]. The 

significantly reduced threshold current is directly related to the nearly defect-free AlGaN nanowire 

heterostructures, the core-shell nanowire arrays with negligible surface recombination, and the 

reduced optical scattering loss in regular nanowire arrays. The output spectra below and above 

threshold are shown Figure 6-3b. Below threshold, a broad spontaneous emission spectrum is 

measured. At 1.3×Ith, the device emission is dominated by a single emission peak, superimposed 

on the broad emission background. The spectral linewidth is very narrow, ~0.2 nm, shown in the 

inset of Figure 6-3b.  
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Figure 6-3: (a) Integrated light intensity as a function of injection current characteristics of 

nanowire-based edge emitting laser. Red arrow indicates the threshold current density. (b) 

Electroluminescence spectra below (red) and above (blue) threshold current. Inset: spectral 

linewidth ~0.2 nm. 

 

In order to further confirm the achievement of lasing, the polarization properties of the 

emission were measured and analyzed. The measurement configuration is illustrated in the inset 

of Figure 6-4. The device emission shows clearly TE polarization. No emission peaks can be 

measured in the TM polarization configuration.  
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Figure 6-4: TE- and TM-polarized electroluminescence emission spectra acquired at room 

temperature under continuous wave bias. 

 

6.4.  Conclusion 

In summary, we have demonstrated an electrically injected semiconductor edge emitting 

laser by utilizing the selective area growth of AlGaN nanowire arrays. The device threshold current 

density is substantially reduced, compared to the conventional edge emitting lasers in this 

wavelength range. The device performance can be further improved by optimizing the nanowire 

configuration and the DBR pairs. More importantly, such nanowire arrays provide a unique 

approach for achieving semiconductor edge emitting lasers in the UV-B and UV-C bands that were 

not previously possible. This work also bridges the gap between conventional single nanowire 

devices and large area edge emitting lasers often required for practical applications.  
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Chapter 7: Conclusion and Future Work 

7.1. Summary of the Thesis Work 

The work presented in this thesis includes the development of superior quality InN and 

AlGaN nanowires and their applications including LEDs and lasers operating in the deep UV to 

the near-infrared spectral range. In what follows, we briefly summarize the major achievements of 

this thesis.  

Due to the narrow bandgap (~0.65 eV) and extremely large electron mobility (~10,000 

cm2/V·s at room-temperature), InN nanowires have emerged as a promising candidate for infrared 

optoelectronic and high-speed devices. However, the realization of any practical devices prior to 

this thesis work is not possible which is mainly due to the poor material quality with large 

background electron concentration and surface electron accumulation, limiting the achievement of 

direct p-type conduction. In this thesis work, we have demonstrated, for the first time, p-type 

conduction and electroluminescence emission of InN. We report on the observation of ambipolar 

transport characteristics of InN:Mg nanowires at room-temperature, providing unambiguous 

evidence that the Fermi level is fundamentally unpinned on the grown surfaces of InN. We also 

report on the achievement of electroluminescence emission of single InN p-i-n nanowire devices. 

Electroluminescence emission with a peak energy of 0.71 eV (1.75 μm) was observed at 77 K. The 

measurement of near-bandgap electroluminescence provides unambiguous evidence for the 

achievement of p-type conduction of InN. 

Secondly, we have also demonstrated AlxGa1-xN nanowire arrays grown by SAG approach 

with Ti mask. The luminescence peak emission of the AlGaN nanowires grown by SAG technique 

can be tuned from 327 nm to 210 nm, covering the entire ultraviolet spectral range. The AlGaN 
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DUV LEDs operating at 279 nm exhibit excellent optical and electrical performance. By further 

utilizing the advantages of SAG AlxGa1-xN nanowire arrays, we have also demonstrated that nearly 

dislocation-free semipolar AlGaN templates can be achieved on c-plane sapphire substrate through 

controlled nanowire coalescence by selective-area epitaxy. The coalesced Mg-doped AlGaN layers 

exhibit superior charge carrier transport properties at room-temperature. The semipolar AlGaN 

UV LEDs demonstrate excellent optical and electrical performance. This work establishes the use 

of engineered nanowire structures as a viable architecture to achieve large-area, dislocation-free 

planar photonic and electronic devices. This unique concept will also enable the scaled up 

manufacturing of large-area, low-cost semipolar/nonpolar GaN and/or AlN templates/substrates. 

We have further demonstrated, for the first time, an electrically injected nanowire edge-emitting 

lasers operating in the UV spectral range.   

7.2. Suggested Future Work 

The goal of this thesis is to develop a fundamental understanding and practical exploration 

of the emerging III-nitride nanomaterials by optimizing the device epitaxial growth, fabrication 

and characterization. Described below, for the future work, we aim to have a thorough 

understanding of the epitaxy and characteristics of AlGaN quantum-confined nanostructures and 

demonstrate high power DUV semiconductor lasers, including edge and surface emitting lasers 

that can operate in the UV-B and UV-C bands.  

7.2.1. AlGaN Dot-In-Nanowire Heterostructure 

As presented in Chapters 4 & 5, we have successfully demonstrated UV and DUV AlGaN 

LEDs by utilizing the selective area growth of AlGaN nanowire arrays. Recently, with the use of 

dot-in-nanowire structures, high efficiency LEDs have been demonstrated in the visible range 
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[140, 267]. The development of AlGaN dot-in-nanowire structure utilizing SAG technique will 

provide a unique approach for achieving high power LEDs with emission wavelengths in the UV-

B (280 nm – 315 nm) and UV-C (< 280 nm) bands that were not previously possible. Shown in 

the Figure 7-1 is a schematic plot of the nanowire-based devices fabricated from proposed AlGaN 

dot-in-nanowire structures. There are certain challenges that need to be overcome, such as, device 

instability, short lifetime, doping inefficiency which results in high resistance, crystal quality as 

well as low output power. Those challenges require further optimization of the growth parameters 

as well as structural design and device fabrication process. For example, the number of dots in 

nanowire structure, nanoscale pattern design, etc. are of great importance to improve carrier 

confinement and minimize light scattering, which will significantly enhance light extraction 

efficiency. By increasing lateral growth rate during epitaxial process, the nanowire spacing can be 

drastically reduced from tens of nm to few nm due to increased nanowire diameter, resulting in 

significant reduction of light scattering. Such nanowire arrays can also be designed as edge 

emitting lasers.  

 

Figure 7-1: Schematic illustration of AlGaN dot-in-nanowire based devices by selective area 

growth approach. 
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7.2.2. AlGaN Nanowall Deep UV LEDs and Lasers 

We have recently demonstrated that significantly enhanced Mg-dopant incorporation and 

efficient p-type conduction can be achieved in low dimensional nanostructures, such as nanowires 

[221, 222]. We have further demonstrated AlN nanowire LEDs operating at 210 nm with excellent 

electrical efficiency [145, 146]. However, the device performance including output power is 

severely limited by the lack of transparent p-metal contact layer and the unique TM polarization 

of light emission from AlN [143, 174, 252, 268]. In this regard, we propose to investigate the 

molecular beam epitaxy, and structural, electrical and optical characterization of Al(Ga)N 

nanowall structures grown on sapphire substrate.  
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Figure 7-2: (a) A SEM image of nanowall heterostructures grown on pre-patterned sapphire 

substrate by MBE. (b) Schematic illustration of GaN/AlxGa1-xN nanowall based devices. (c) A 

SEM image of fabricated nanowall based devices.   
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In this work, GaN or AlN template on sapphire substrate will be firstly patterned with top-

down approach, including electron beam lithography and dry etching. The widths of the etched 

stripe patterns can be varied from tens of nm to hundreds of nm. Subsequently, AlGaN 

heterostructures will be grown using the epitaxy conditions developed for AlGaN nanowires 

described in this thesis as presented in Figure 7-2a. Illustrated in Figures 7-2b and 7-2c are the 

schematic plot of the proposed AlGaN nanowall based edge emitting laser and a SEM image of a 

fabricated device, respectively. Compared to nanowires, such nanowall structures can be readily 

fabricated into large area devices without the use of any surface passivation or planarization. More 

importantly, the TM polarized emission can be efficiently extracted from the lateral surfaces. 

Moreover, such nanowall structures can be designed as edge-emitting lasers with significantly 

improved power operation, compared to nanowire devices.  

 

Figure 7-3: (a) Current-voltage characteristics of AlGaN nanowall based devices. (b) Room-

temperature EL spectrum with injection current of 0.5 mA. Spectral linewidth of ~0.2 nm. 

 

The fabricated nanowall edge emitting lasers exhibit relatively good I-V characteristics. 

Illustrated in Figure 7-3a is the I-V curve of a nanowall based edge emitting laser measured at 
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room-temperature. The device shows a turn on voltage of ~6.5 V and exhibits small leakage current 

under reverse bias. Room-temperature EL spectra were collected using an optical fiber and 

analyzed by a high resolution spectrometer equipped with a photomultiplier tube (PMT). As seen 

the devices exhibit a lasing spectrum at 369.6 nm with a narrow linewidth of ~0.2 nm under an 

injection current of 500 μA. 

7.2.3. Electrically Injected Ultraviolet Plasmonic Stripe Laser 

We also propose to develop low threshold plasmonic Al(Ga)N lasers operating in the deep 

UV spectral range, schematically illustrated in Figure 7-4. To date, the size reduction of photonic 

components down to nanometer scale, for example, nano-LEDs and nano-lasers, is highly 

desirable for current communication and computation technologies. However, diffraction limit of 

light when the dimensions of optical components approach the wavelength of light severely limits 

the fabrication process. One of the most promising methods to address these challenges is to utilize 

surface plasmons, which is able to confine light to very small dimensions at the interface of metal-

dielectric [200, 269-272]. To date, little attention has been paid to plasmonic laser operating in 

DUV range which is mainly due to the bottleneck of achieving high quality nanoscale structures 

and metal layer, which limits surface plasmons coupling efficiency. In this context, we will 

investigate the MBE growth, fabrication, and characterization AlGaN nanowall/stripe based 

plasmonic lasers. The structure consists of an epitaxial Al layer, and AlN/AlGaN nanowall/stripe 

heterostructures as the gain media. Devices under both optical pumping and electrical injection 

will be realized. In addition, stripe plasmonic lasers will be demonstrated to achieve high output 

power. These laser devices can be individually addressed and can be designed as suitable light 

sources for future high resolution projection systems. Shown in Figure 7-4 is the demonstration of 

electrical injected UV plasmonic stripe laser with some preliminary results. 
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Figure 7-4: (a) Schematic illustration of AlN/AlGaN stripe plasmonic laser operating in UV range. 

(b) A SEM image of as-grown AlN/AlGaN stripe. (c) I-V characteristics of stripe laser. (d) Room-

temperature EL spectrum of stripe laser measured under continuous wave condition. Spectral 

linewidth ~ 0.5 nm. 
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