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Abstract 

The development of optoelectronic devices and electronic devices made using 

conventional GaN-based planar heterostructures is ultimately restricted by the challenges in 

growing high-quality In-rich InGaN planar heterostructures, using mismatched substrates 

and/or device fabrications. Moreover, extensive demanding applications require the use of 

micro-scale and nano-scale GaN-based materials and devices for the integration of 

optoelectronic devices into a limited space, the integration of dense optoelectronic devices into 

larger scale systems, or the shrinkage of overall systems. Dislocation-free GaN-based 

nanowires have emerged as a promising candidate for applications in photonic and electronic 

devices. This dissertation focuses on the development of GaN-based nanowire heterostructures 

by using molecular beam epitaxy (MBE) as well as their device applications. 

Through the monolithic integration of spontaneously grown blue, green, red (RGB) and 

yellow/orange InGaN nanowire LEDs on Si substrates, controllable and tunable full-color light 

generations are demonstrated using a three-step selective-area growth process with SiOx mask 

created on Si substrates. The lateral-arranged monochromatic subpixels enable controlled light 

mixing at the chip level and exhibit color-tunable light emissions with correlated color 

temperature values in the range from 1900 K to 6800 K, while maintaining excellent color 

rendering capability.  

Selective area epitaxy (SAE) enables one to precisely control the size, position and 

morphology of nanowires, and hence enables one to precisely control and tune nanowire 

emission wavelength. Through SAE of RGB InGaN-based nanowire arrays on GaN/sapphire 

substrate with Ti mask defined by using high-resolution lithography, the overall RGB pixel 

size was 7×7 µm2 with monochromatic subpixel sizes of 2.8×2.8 µm2. By incorporating InGaN 

quantum dots in single GaN nanowires, diameter-dependent emissions tuning from blue to red 

were achieved from the single GaN-based nanowires on the same substrate and its mechanism 
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was investigated. Based on this achievement, we have developed, for the first time, the world’s 

smallest pixel size full-color InGaN/GaN single nanowire LED pixel optimized for ultra-fine 

projection displays using only one step epitaxial growth process. 

Spontaneously grown AlInGaN quaternary core-shell nanowire heterostructures are 

demonstrated on Si substrate, wherein an In-rich core and an Al-rich shell were spontaneously 

formed during the epitaxial growth process. Such core-shell structures can largely suppress 

nonradiative surface recombination, leading to a significant enhancement of carrier lifetime 

from ~ 0.2 ns to ~ 2 ns and output power. By varying the growth conditions, the emission 

wavelengths can be tuned from ~ 430 nm to ~ 630 nm.  

Electrical transport properties of vertical-aligned GaN single nanowires on Si substrate 

have been systematically studied by in-situ nanoprobing in a SEM chamber. A current density 

up to 4.65 MA/cm2 has been achieved from a single GaN nanowire selective-area grown on Si 

substrate, promising the realization of vertical GaN-based nanowire electronic devices on Si 

substrates. 

SAE of uniform AlInGaN quaternary nanowire array has also been demonstrated on Si 

substrates. Selective-area grown p-i-n AlInGaN nanowire devices can exhibit light-emitting 

properties and photovoltaic effect over the same chips. Under the AM 1.5G illuminations, 

AlInGaN nanowire devices exhibit higher photovoltaics efficiency than those ever reported for 

p-i-n InGaN-based nanowire solar cell, benefiting from suppressed nonradiative surface 

recombination.  
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Abrégé 

Le développement de dispositifs photoniques et électroniques réalisés en utilisant des 

hétérostructures planaires conventionnelles à base de GaN sont limités par des difficultés quant 

à la croissance d'hétérostructures planaires en InGaN riches en In de haute qualité, l’utilisation 

de substrats mésappariés, et la fabrication d'appareils à base d'hétérostructures planaires en 

GaN. Les nanofils à base de GaN sans dislocation ont émergé comme un candidat prometteur 

pour de futures applications pour les dispositifs photoniques et électroniques. Cette thèse se 

concentre sur le développement d'hétérostructures de nanofils à base de GaN en utilisant 

l'épitaxie par jets moléculaires (MBE), ainsi que leurs diverses applications pour écrans, 

illuminations, photovoltaïques et transistors. 

Grâce à l'intégration monolithique de diodes électroluminescentes (LED) à base de 

nanofils bleu, vert, rouge (RVB) et jaune/orange sur des substrats de Si, des générations de 

lumières colorées contrôlables et ajustables ont été démontrées en utilisant un processus de 

croissance sélective en trois étapes utilisant un masque en SiOx. Les sous-pixels 

monochromatiques disposés latéralement permettent un mélange contrôlé de la lumière au 

niveau de la puce électronique et émettent de la lumière de couleurs ajustables avec des valeurs 

de température de couleur corrélées comprises entre 1900 K et 6800 K, tout en conservant une 

excellente capacité de rendement des couleurs. 

L'épitaxie sélective (SAE) permet de contrôler avec précision la taille, la position et la 

morphologie des nanofils, et ainsi d'obtenir une longueur d'onde d'émission contrôlée et 

ajustable avec précision. Grâce à la SAE, des matrices de nanofils à base de GaN RVB sur des 

substrats de GaN/saphir avec un masque en Ti, une taille de pixel polychrome de 7 × 7 μm2 a 

été obtenue avec des tailles de sous-pixels monochromatiques de 2,8 × 2,8 μm2. En incorporant 

des points quantiques (QDs) en InGaN dans des nanofils individuels à base de GaN, des 

émissions de couleurs allant du bleu au rouge ont été obtenues en ajustant le diamètre des 
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nanofils uniques sur le même substrat, et ce mécanisme a été étudié. En se basant sur cette 

réalisation, nous avons développé, pour la première fois, avec la plus petite taille de pixel au 

monde, des DELs avec des pixels de nanofils individuels en InGaN/GaN à haute performance 

en utilisant un seul processus de croissance épitaxiale. 

Des hétérostructures de nanofils quaternaires en AlInGaN à croissance épitaxiale 

spontanée ont été étudiées sur un substrat de Si, dans lesquelles un noyau riche en In et une 

coquille riche en Al ont été formés spontanément au cours du processus de croissance épitaxiale. 

De telles structures noyau-enveloppe peuvent largement supprimer la recombinaison de surface 

non radiante, menant à une augmentation significative de la durée de vie des porteurs de charge, 

de ~ 0,2 ns à ~ 2 ns, et de la puissance de sortie. En faisant varier les conditions de croissance, 

les longueurs d'onde d'émission peuvent être ajustées de ~ 430 nm à ~ 630 nm. 

Les propriétés de transport électrique de nanofils uniques en GaN alignés verticalement 

sur un substrat de Si ont été étudiées de manière systématique en utilisant une nanoprobation 

in situ à l'intérieur d'une chambre d’un microscope électronique à balayage (SEM). Une densité 

de courant allant jusqu'à 4,65 MA/cm2 a été atteinte par une seule zone sélective de nanofils en 

GaN sur un substrat de Si, promettant la réalisation de transistors à nanofils verticaux à base 

de GaN sur des substrats de Si. 

La SAE de réseaux de nanofils quaternaires AlInGaN uniformes a également été 

démontrée sur des substrats de Si. Sous une illuminations AM 1,5G, les nanofils en AlInGaN 

de type p-i-n démontrent une efficacité photovoltaïque supérieure aux cellules solaires à base 

de nanofils en InGaN de type p-i-n en raison de la suppression de la recombinaison de surface 

non radiante. 
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Chapter 1: Introduction 

1.1 Overview  

     In the past decades, optoelectronic devices made of organic and inorganic materials in the 

visible spectral range have attracted considerable attentions. Tremendous progress has been 

made in device applications of organic and inorganic materials for illuminations   [1, 2], 

displays [3-13], visible optical communications [14-17], optogenetics [18, 19], energy 

harvesting [20-23], photoelectrochemical cells (PECs) [24], real-time identifications [25], 

healthcare and medical equipment [2, 25, 26], signal detection [27-31] and other application 

purposes [32-34]. 

After decades of research efforts, numerous organic and inorganic optoelectronic 

materials, have been invented or discovered and further explored with unique features to satisfy 

various needs for practical applications. These inventions and discoveries have affected our 

daily life and promoted applications in the advanced fields. For example, the inventors of 

efficient blue light-emitting diodes (LEDs) using GaN-based materials [35, 36] and the 

discoverers of graphene [37] have been awarded the Nobel Prize in Physics respectively in 

2014 [38] and 2010 [37, 39] for their breakthroughs and the great benefit to mankind [40].  

Organic optoelectronics in the visible spectral range have attracted a significant level of 

interest from researchers and manufacturers of optoelectronics, due to their numerous 

advantages including lightweight, flexible substrates, high transparency and ultrathin 

appearance [41-45]. The light emissions of organic optoelectronic devices can cover the entire 

visible spectral range [41, 43, 44, 46-50]. However, organic optoelectronic devices in the blue 

spectral range generally exhibit low efficiency and fade fast [44, 51, 52]. Another shortcoming 

of organic optoelectronic devices for the practical usage is the poor persistence and poor 

stability in the daily usage, because the organic optoelectronic materials are extremely sensitive 

to oxygen and water [41, 43, 44, 53]. Organic optoelectronic devices also have a disadvantage 
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for its short lifetime [42, 44]. In the above aspects such as lifetime, stability, reliability, 

efficiency and cost, organic optoelectronic devices cannot compete with inorganic 

semiconductor counterparts such as III-nitride compound semiconductors. 

 

Figure 1-1: Bandgap energies of the InGaN alloy system cover the entire air-mass-1.5 solar 

spectrum. The gap energies of conventional multijunction solar cell materials (Ge, GaAs, and 

GaInP) are also shown in the right-hand panel for comparison. Reprinted from journal 

publication authored by J. Wu et al. in Journal of Applied Physics [54], with the permission of 

AIP Publishing. 

To date, however, there are no efficient inorganic semiconductor emitters in the green, 

yellow and orange spectral range. Efficient red-emitting devices have been achieved by using 

InGaAlP-based and GaAs-based materials [55-58]. However, the synthesis or growth of high 

quality InGaP/InGaAlP quantum wells (QWs) heterostructures with strong carrier confinement 

has remained difficult in the yellow and orange spectral range [59, 60]. It has been discovered 

that the bandgap of III-nitride compound semiconductors can be continuously varied from 

~0.65 eV (InN) to 6.2 eV (AlN) [61-64]. The III-nitrides exhibit many favorable optoelectronic 

properties, including low effective carrier mass, high carrier mobility, high peak and saturation 

velocities, and high absorption coefficients, extreme chemical stability, and good thermal 

stability [61, 62, 65-68].  

The direct energy bandgap or absorption spectrum of InGaN alloy can cover the whole 

spectral range from ~ 0.7 to ~ 3.4 eV, representing the only semiconductor that can match 
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almost perfectly to the solar spectrum [61-64]. As can be seen from Figure 1-1, energy bandgap 

of InGaN alloy increase with increasing Ga fraction xGa, covering almost the entire solar 

spectrum [54, 69]. Therefore, full-color emissions can be achieved by InGaN emitters and high 

efficiency is expected from InGaN-based photovoltaic devices. InGaN alloy, which is nontoxic 

and environmentally friendly, has been widely used for developing high efficiency 

optoelectronic devices and systems due to its unique material properties and resulting high 

performance devices. Its device applications includes visible and infrared LEDs [70-76], 

visible and infrared laser [74, 77-82], solar cells [83-86], photodetectors [27-31], sensors [87-

90] and transistors [32-34].                     

 

Figure 1-2: Maximum external quantum efficiency (EQE) of commercial nitride and 

phosphide LEDs, illustrating the “green gap” problem [55, 56, 91]. Reprinted from journal 

publication authored by M. A. der Maur et al. in Physical Review Letters [55], with the 

permission of American Physical Society. 

Although high power InGaN-based optoelectronics have been demonstrated and 

developed successfully [92-94], the emission wavelengths of high-efficiency InGaN planar 

heterostructures devices have been limited in the near-ultraviolet, blue, and blue-green spectral 

ranges [55, 56, 91], as shown in Figure 1-2. Shown in Figure 1-2, “green gap” represents the 

lack of inorganic materials and devices which can exhibit high efficiency in the green, yellow 
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and orange spectral ranges [55, 56, 91]. In Sections 1.1.2, 1.1.3, 1.1.4 and 1.1.5, the status and 

major challenges of LEDs, lasers and solar cells using GaN-based planar heterostructures, will 

be reviewed respectively. 

Benefiting from the effective lateral stress relaxation and terminations of propagating 

dislocations at the large surface [95], GaN-based nanowire heterostructures grown on lattice 

mismatched substrate can be nearly free of defects such as dislocations, stacking faults, and 

twins [96-101], in contrast to the high densities of defects, large polarization fields and the 

resulting quantum-confined Stark effect (QCSE) in its planar epilayers counterparts [102, 103]. 

The unique feature of large surface-to-volume ratio also enhances the light 

extraction/absorption efficiency of  nanowire structures [95]. To date, with the use of InGaN 

nanowire structures, high efficiency emissions across the entire visible spectral range have been 

demonstrated [104, 105]. 

The needs of market drive the researchers to be dedicated on making optoelectronic 

devices and systems faster, cheaper, more efficient, and smarter. After resolving critical 

technical challenges in various aspects such as optoelectronic material manufacturing, material 

characterizations, device fabrications, device characterizations and methods of system control 

and communications [106-112], it is a clear trend that optoelectronic scientists and engineers 

have been intensely working on the development of optoelectronic materials and individual 

device units into dedicated optoelectronic devices and systems with comprehensive capabilities 

and advanced functions, as well as enhancements or integrations of existing functions of 

individual optoelectronic materials by smartly and monolithically integrating various 

optoelectronic materials. In addition, the current and future optoelectronic applications 

generally require smaller (size) devices and systems. The well-known Moore's prediction [113, 

114] has been proven in various fields of semiconductor industry, not only for transistors in a 
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dense integrated circuit [115] but also for optoelectronic components and systems, for example, 

the red, green and blue (RGB) pixel arrays in digital cameras and displays [116, 117].  

To satisfy the practical needs including the shrinkage of overall systems using 

optoelectronic devices [118], integration of dense optoelectronic devices into large-scale 

systems such as large micro-LED displays, or integration of optoelectronic devices into a 

limited space such as cellular scale and the scale of spinal epidural space [18, 19], it requires 

the employments of micro-scale and nano-scale optoelectronic materials and devices. 

Compared to bulk materials and large-size devices, these micro-scale and nano-scale 

optoelectronic materials and devices should exhibit equivalent or better characteristics and 

performances. 

Taking advantages of the nanowire heterostructures, the dimensions of III-nitride 

materials and optoelectronics devices are flexible to be scaled down to micro-scale or nano-

scale [102, 119-126]. In addition, GaN-based nanowires exhibit higher light extraction and 

better light absorption due to its tunable geometry and large surface-to-volume ratio [127, 128]. 

Moreover, efficient doping and resulting efficient carrier conduction have been realized by 

using III-nitride nanowires [129-131]. Compared to its planar counterparts, III-nitride 

nanowires also exhibit lower thermal resistance and thus more efficient heat dissipation [132, 

133]. In this regard, InGaN nanowire heterostructures and its devices promise better 

performance [102, 124-126], especially for In-rich InGaN which exhibit emissions with long 

wavelength in visible spectral range [134].  

Together with its benefit of size shrinkage, InGaN nanowire heterostructures and its 

devices also exhibit better performances and higher reliability, enabling the integration of 

InGaN nanowires into various optoelectronic devices and systems to make faster, cheaper, 

more efficient, and smarter optoelectronic applications with comprehensive capabilities and 
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advanced functions. In section 1.2, the status of InGaN nanowire heterostructures and devices, 

will be reviewed and discussed in detail. 

Table 1-1: Material Properties of bulk Si, Ge, GaAs, GaN and InN [62, 135-146]. 

Material Crystal 

structure 

Lattice 

constant 

(nm) 

Bandgap 

(eV) 

at 300 K  

Thermal  

Exp. Coeff.  

(µm·m-1·K-1) 

Electron 

MobilityII 

(cm2·V-1·s-1) 

at 300 K 

Hole 

MobilityII 

(cm2·V-1·s-1) 

at 300 K 

Si  Diamond 

cubic  

0.5431 1.12 2.6×10-6 1450 500 

Ge Diamond 

cubic 

0.5658 0.664 5.5×10-6 3900 1800 

GaAs Zinc blende 0.5653 1.424 5.5×10-6 9200 400 

GaN WurtziteI a=0.3189 

c=0.5185 

 

3.4 

 

Normal to c-

axis 3.43×10-6;  

Parallel to c-

axis 3.34×10-6. 

1500 

 

 

30 

 

InN WurtziteI a=0.3545 

c=0.5703 

 

~ 0.65 

 

Normal to c-

axis 4×10-6;  

Parallel to c-

axis 3×10-6. 

 

Theoretical electron 

mobility: 

~ 4400-10,000 [139-142, 

144-146] 

Experimental electron 

mobility: > ~ 2000 [143] 

Electron mobility of InN 

nanowires: 8000-12000 [145] 

Note I: III-nitride materials generally exhibit wurtzite crystal structure, but GaN can also be 

grown in a zinc blende crystal structure [147-149]. This dissertation focuses on III-nitride 

materials in a wurtzite crystal structure. 

Note II: Typical values of carrier mobility are presented in this table. The values vary in 

different publications, depending on material quality and measurement techniques. 

The use of Si substrates offers many distinct advantages, including greatly reduced 

manufacturing costs and improved device reliability. As calculated using the lattice constants 

shown in Table 1-1, the Si substrate exhibits a large lattice mismatch of –16.9% with GaN 

along the epitaxial orientation GaN(0001)//Si(111) [150] and a relatively large difference in 

thermal expansion coefficient compared to GaN, resulting in considerable defects in GaN-

based epilayers grown on Si substrates with/without the use of additional buffer layers. In 

contrast to the challenges in the epitaxy of GaN-based epilayer heterostructures on Si substrates, 

high quality GaN-based nanowire heterostructures using InGaN active regions can be grown 

directly on Si substrates, which eliminates the use of other expensive substrates [101, 120, 151].  
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1.2 Demanding Applications, Status and Challenges of III-Nitride Optoelectronics in the 

Visible Spectral Range 

In what follows, based on the demanding applications in the fields of LEDs, lasers, visible 

light transmitters for optical communications and solar cells, the status and challenges of the 

use of III-nitride materials to realize optoelectronics in the visible spectral range will be 

reviewed and discussed respectively, with special attentions paid to the applications for solid 

state lighting.  

1.2.1 Light Emitting Diodes for Visible Illuminations and Displays 

The conventional incandescence bulbs (typically 13-18 lm/W [1]) and fluorescence lamps 

(typically 55-70 lm/W [1]) are limited in their efficiency, short lifetime, and environmental 

impact. The wide usage of solid-state lighting sources, such as LEDs (typically more than 100 

lm/W in commercial products [1]), is expected to reduce the electricity used for lighting by 

half, and reduce greenhouse gases and other pollution largely. Currently, high power LEDs can 

compete with conventional light sources on both a system cost basis and small-area 

applications. For example, for the illuminations in the entertainment lighting industry, solid-

state lighting sources are replacing conventional incandescent tungsten-halogen lamps [152]. 

For signals and displays, solid-state lighting sources based on white LEDs has been widely 

applied.  

The correlated color temperature (CCT) of color-tunable LED lighting systems can, in 

principle, be tuned over a wide range, which is essential for various applications, including 

display [4, 5], mood lighting [2], and real-time identification of biological cells [25]. For 

example, wide tunable range in CCT is required in smart illumination systems to vary its 

illumination conditions by adapting emission color and intensity of full-color LEDs. It has been 

discovered in biological study that constant inappropriate lighting exposure (light intensity, 

wavelength and duration) will affect the body chemistry and circadian performance, and cause 
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negative health effects and even disease [2, 25, 26]. A tunable, natural, appropriate and well-

designed LED illumination or display systems are essential for humans to have a healthy, 

efficient and productive daily life [2, 25, 26].  

High performance displays require the usage of high efficiency color-tunable LED pixels 

which exhibit essential features including low power consumption, extremely small size, wide 

color tunability. To improve the resolution, optimal viewing distance and color rendering of 

flat panel displays (FPDs), subpixel rendering technique, using three-primary-color (RGB) or 

four-primary-color (RGYB) LED subpixels to form color-tunable pixels in sub-mm scale (or 

µm scale), are being developed. On the display panels, monochromatic RGB sub-mm-LED 

subpixels or µm-LED subpixels with fixed wavelength are so small that human eye cannot 

resolve their individual colors and thus the overall pixels can present mixed light to the 

audience. The CCT and color rendering index (CRI) of mixed light can be tuned by varying 

the ratio of RGB components through the adjustments on the power input to each LED subpixel. 

Figure 1-3 summarizes the pixel size and the corresponding luminous efficiency of full-

color pixels used in smartphone FPDs produced by two leading smartphone manufacturers, 

based on the smartphone specifications open to the public and quantitative test results from 

display technicians and researchers [6-13, 153-158]. In the red plot of Figure 1-3 (a), except 

the generation of “X” using active-matrix organic light-emitting diode (AMOLED), the 

reducing pixel size of FPDs used in different generations of smartphone A reflects the state-of-

the-art full-color liquid-crystal display (LCD) pixel used for portable FPDs [12, 153-158]. 

Shown in the blue plot, the reducing pixel size of FPDs used in different generations of 

smartphone B represents the state-of-the-art full-color pixel in portable FPDs using AMOLED 

[6-11, 13]. Very recent years, the portable FPDs market is being led by AMOLED-based 

subpixel rendering technique instead of LCD technique in terms of display pixel size, which 

can be concluded from Figure 1-3 (a).  
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                                      (a)                                                        (b) 

Figure 1-3: Summary on the (a) pixel size and (b) luminous efficiency of full-color pixels used 

in flat panel displays (FPDs) of smartphones produced by two leading smartphone 

manufacturers A and B in the past years, respectively. The red plots are (a) FPD pixel size [12, 

153-158] of smartphone A of 1stG, 3G, 3GS, 4, 5, 6,7, 8, 8+ and X generations versus the 

release time of the corresponding smartphone and (b) luminous efficiency [153-158] of 

smartphone A of 3GS, 4, 5, 6, 7 and X generations versus the release time of the corresponding 

smartphone. In contrast, the blue plots are (a) FPD pixel size and (b) luminous efficiency of 

smartphone B of S, S II, S III, S4, S5, S6, S7 and S8 generations versus the release time of the 

corresponding smartphone [6-13]. The display pixel sizes are summarized based on the 

smartphone specifications open to the public and the luminous efficiencies are calculated based 

on quantitative test results from display technicians and researchers [6-13, 153-158]. The 

calculation of luminous efficiencies is based on the characterization results of smartphone 

FPDs adjusted to maximum brightness with full white screens, which exhibit 100% average 

picture level.  In the calculation of luminance of FPDs, the surface of FPDs are calculated as a 

flat diffuse surface and light is emitted uniformly over the surface [159].  

Besides the size and color rendering of a pixel, the efficiency is also a key factor for 

display applications which require energy-saving and/or high brightness. As shown in Figure 

1-3 (b), for portable FPDs, in the past years, the luminous efficiency of LCD-based subpixel 

rendering technique was higher than that of AMOLED technique [6-13, 153-158]. It is 

worthwhile mentioning that the luminous efficiencies of “X” AMOLED display and 

smartphone B AMOLED display are evaluated at different brightness. The calculation of 

luminous efficiency of “X” is based on the display power consumption for its full white screen 
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at maxiumum brightness of 634 cd/m2 [158]. The calculation of luminous efficiency of 

smartphone B is based on the display power consumption for its full white screen at maxiumum 

brightness of 420 cd/m2 [6]. Shown in the red plot in Figure 1-3 (b), the luminous efficiency of 

AMOLED-based pixel improved dramatically in the years from 2010 to 2015, benefiting from 

the rapid technical advancements and large financial investments. However, for the AMOLED-

based subpixel rendering technique named by “WQHD Super AMOLED” in recent years 

(2015-2017) [6-8], the advancements in reducing the pixel size and improving luminous 

efficiency were stagnant or slower than earlier generations (2010-2014).  

In addition to the general advantages of organic optoelectronics, with the advantages of 

fast response time and operations without using a backlight, organic light-emitting diodes 

(OLEDs) has been largely used in lighting and displays in various commercial applications 

such as mobile phones, digital cameras, television screens and portable digital media players 

[41-45]. However, in current white OLEDs or color-tunable OLEDs, one bottleneck is the short 

lifespan of blue OLEDs leading to loss in color balance and color shifts due to fast fading blue 

component [51]. OLEDs displays also suffer from being prone to permanent discoloration of a 

few areas generally known as “screen burn-in” due to cumulative non-uniform usage of the 

screen pixels [44, 51, 160]. In addition, OLED also share the general shortcomings of organic 

optoelectronics such as poor persistence, poor stability [41, 43, 44, 161], and short lifetime [42, 

44]. Besides the above challenges in the OLED practical applications, the relatively low 

external quantum efficiency (EQE) of blue OLEDs is also a main bottleneck for the further 

development of OLED techniques. Various types of organic materials and different device 

structures have been explored and used to fabricate OLED. To the author's best knowledge, the 

highest EQE for reported white OLEDs (color-rendering index: 69, CIE coordinate: (0.41, 

0.49), and device area: 6.7 mm2) is 46% (the overall luminous efficacy of 124 lm/W) by 

combining high-refractive-index substrates with a carefully chosen emitter layer [162]. 
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However, the generally reported green and red OLEDs exhibit the EQE below 20% [46, 47, 

49, 50, 163-168]. Moreover, the efficiency and lifespan of blue OLEDs are even poorer than 

green and red OLEDs [43, 53, 169], which is vital to the further commercialization of OLED 

technology. In the aspects such as lifetime [170], stability, reliability [171-173], color quality, 

efficiency and cost (price per lumen) [170], OLEDs lag behind inorganic-based LEDs.  

GaN-based LEDs have emerged as a prime candidate for future lighting applications, due 

to their high efficiency, long lifetime, and reduced environmental impact. However, the current 

white and full-color LED chips generally consist of GaN-based blue LEDs and appropriate 

phosphors [174, 175], severely limiting the flexibility to tune the spectral power distribution 

and to achieve color-tunable emission [176]. This method has the disadvantages of low CRI 

and Stokes fluorescence loss. 

The device performance of conventional quantum well (QW) LEDs is ultimately restricted 

by the extremely low efficiency in the deep green and yellow wavelength range [134] due to 

lack of suitable lattice matched substrates. Different from conventional planar QWs devices, 

nearly defect-free GaN-based nanowire LED heterostructures can be grown directly on lattice 

mismatched substrates and can exhibit superior device performance and reliability. To date, 

with the use of InGaN nanowire structures, high-efficiency emissions across the entire visible 

spectral range have been demonstrated [104, 105, 177]. The use of InGaN nanowires provides 

an effective approach to reduce the dimensions of LEDs devices, enabling the shrinkage of 

whole illumination systems and integration of high efficiency light sources in applications in 

limited space. The use of InGaN nanowires can promise color-tunable micro-LED displays 

exhibiting higher resolution, higher efficiency, better display quality, longer lifetime, better 

stability and reliability than the state of the art AMOLED-based display techniques.  
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1.2.2 Lasers in the Visible Spectral Range for Illuminations and Displays  

Driven by the need for reduced power consumption, enhanced efficiency and more 

advanced functions, future smart lighting technologies and ultrahigh resolution displays require 

the development of small size and efficient multi-color light sources monolithically integrated 

on a single chip. Compared to LEDs, recent studies have shown that lasers offer several unique 

advantages for these applications. It has been demonstrated that the use of four monochromatic 

lasers can produce white light with high color-rendering quality comparable to a continuous 

spectrum [3]. Lasers can also offer better performance than LEDs in terms of output optical 

power and light quality. The efficiency and output power of lasers will surpass that of LEDs, 

due to the reduced efficiency droop through stimulated emission [94, 178]. The low-divergence 

light from lasers are much easier to control than lambertian light from LEDs, enabling 

directional emission and focus-free operation with high color rendering quality [3, 179]. White 

and full-color (RGB primaries) lasers will also lead to television and computer displays 

exhibiting much wider color gamut, significantly higher contrast ratio, and much more natural 

and vivid colors than any existing technologies, thereby providing unparalleled visual 

experience . Moreover, the operation speed of lasers can be one order of magnitude faster than 

LEDs, enable high speed and dynamic operations and promising static and in-motion life-like 

images . Such monolithically integrated multi-color lasers also have a broad range of 

applications in biological and chemical sensing as well as chip-level wavelength division 

multiplexing (WDM) [183] and ultrahigh speed Li-Fi. Hence, it is very desirable to develop 

monolithically integrated multi-color lasers. 

In the red and orange spectral range, GaInP/AlGaInP QW lasers have been developed [59, 

184-186]. The operating wavelength of these lasers, however, have been restricted to 608 nm 

[59], or longer wavelengths [59, 184], limited by the poor charge carrier confinement in the 

those phosphide-based QWs.  
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Since the invention of blue laser diodes by Nakamura, tremendous progress has been made 

for GaN-based edge-emitting laser diodes [187, 188]. The world’s first InGaN MQW laser at 

a true green wavelength was reported in 2010 with the wavelength at 524 nm and 531.7 nm 

under continuous-wave (CW) and pulse electrical biasing [92], and its output power reached 

50 mW. More recently, an InGaN QW laser with longer wavelength at 535.7 nm was reported 

under CW electrical biasing and its output was 75 mW [189]. Under CW operation, the 

threshold current density of InGaN QW laser is in the range of ~ 3.1-18 kA/cm2 for lasing 

wavelengths ranging from 500 nm to 535.7 nm [92, 189-194]. By optimizing QW structure and 

growth conditions of semi-polar green LDs, low-threshold CW lasers were obtained with 

threshold current densities as low as 5.4 kA/cm2 at 533.6 nm, 5.2 kA/cm2 at 527.2 nm, 4.3 

kA/cm2 at 525.6 nm, and 3.4 kA/cm2 at 511 nm [195]. However, to date, the operating 

wavelengths of InGaN QWs lasers have been limited to the near-ultraviolet, blue, and blue-

green spectral ranges [55, 56, 91], due to the poor materials quality of In-rich InGaN planar 

heterostructures. Some of the extraordinary challenges for achieving low threshold electrically 

injected InGaN QWs green, and possibly yellow, orange and red-emitting lasers include the 

presence of large densities of defects and dislocations in the device active region due to the 

large lattice mismatch (~11%) [196-198] and thermal mismatch [199] between InN and GaN. 

The strong strain-induced polarization fields and the resulting QCSE further decrease the 

device efficiency and the maximum achievable gain.  

Consequently, there have been no commercial semiconductor laser diodes operating in 

the wavelength range from 536 nm to 607 nm. To date, commercial green lasers generally rely 

on the use of nonlinear optical conversion. Such devices, however, are bulky, heavy and 

expensive, and are not suitable for on-chip integration [200, 201].  

Besides the difficulties to realize the lasers operating in the “green gap”, there is also no 

established technology for spatially varying In compositions in planar QWs to achieve multi-
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color emission on the same substrate. The achievement of full-color InGaN lasers, which are 

essentially required for practical applications, has remained elusive.  

1.2.3 Visible Light Transmitters for Optical Communications 

High-output full-color light transmitters such as efficient semiconductor LEDs or efficient 

semiconductor laser are essentially required for visible light communications (VLCs), which 

is an aternative optical wireless communication technology to resolve the shortage of the radio 

frequency spectrum [202-206]. VLCs could be widely used in the vehicle-to-everything (V2X) 

transportation communications such as vehicle-to-vehicle (V2V) communications [207], 

paving the way for emerging autonomous car (also known as a driverless car) which currently 

attract extensive and intense development effort in worldwide industries [208] and academic 

institutions. The visible lights from vehicle headlights, vehicle tail lights, vehicle brake lights, 

traffic light, and smart road signs could be used in communications for high resolution vehicle 

positioning and guidances such as driving directions and emergency braking to a neighboring 

vehicles [25, 207]. Besides the applications in transportations, indoor VLCs have been also a 

research spotlight together with the optical multiple input multiple output (MIMO) techniques 

[209]. Solid state light transmitters, especially lasers which can be one order of magnitude 

faster than LEDs, is very promising for ultrahigh speed Li-Fi [15-17]. 

Compared to single-color transmitters, multi-color or full-color transmitters can have 

more modulation dimensions for higher transmission data rate [14] and transmission capacity 

[206]. Taking advantages of chip-level WDM [183], data rates of 4.5Gb/s and 8 Gb/s have 

been achieved in free space by using a RGB-LED based WDM VLC system [210] and by using 

a RGBY-LED based WDM VLC system [211], respectively. In this regards, it is highly 

desriable to develop high-efficiency RGB or RGBY monolithic LED chips and laser chips in 

which the development of high-efficiency full-color devices is essential. 
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Beside their applications in optical wireless communications, the realization of high 

efficiency semiconductor light sources in the green, yellow and orange wavelength range, 

together with the recent development of plastic optical fibers (POFs), will enable many exciting 

applications in short-reach fiber-based connections including home networks, industrial 

networks, digital home appliances, automotive, and remote sensing, and medical controls [173, 

212, 213]. The emerging plastic optical fibers generally have the lowest absorption window in 

the green, yellow and orange spectral range. POFs are less brittle, more flexible, and of 

significantly lower cost, compared to glass optical fibers [214, 215]. Moreover, POFs offer the 

flexibility of conventional copper cables in installation, due to their large numerical apertures 

[216]. Recent studies have shown that very high quality signals can be achieved in POF in-

house networks [217]. Some of the requirements for POFs in the present home network 

application include a moderately high bandwidth ~ 1 Gb/s and a link length ~100 m [218].  The 

traditional PMMA-based POFs, however, exhibit very large loss at the standard 

telecommunication wavelengths (104-105 dB/km at the wavelength of 1500 nm). Their lowest 

attenuation windows are in the green, yellow and orange spectral range. For example, spectral 

attenuations of 80 dB/km at 530 nm, 65 dB/km at 570 nm, and 150 dB/km at 650 nm have been 

achieved in graded index PMMA-based POFs [219]. The recently developed perfluorinated-

polymer-based POFs (PFP-based POF) offer a relatively low loss of 30 to 50 dB/km in the 

wavelength range of 850 to 1310 nm [220, 221]. However, to date, there are few optical 

transmitters that can meet the bandwidth, performance and cost requirements at the lowest POF 

attenuation windows near 530 nm and 570 nm [219], due to the lack of a mature semiconductor 

LEDs and laser technology in the green, yellow and orange wavelength range.  

In summary, high efficiency semiconductor light sources operating in the green, yellow 

and orange wavelength range are critical for the development of optical wireless and POF-

based communications. However, the emission wavelengths of InGaN QW LEDs and lasers 
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have been limited to the near-ultraviolet, blue, and blue-green spectral ranges. In contrast, full-

color InGaN nanowire LEDs and lasers have been achieved by using InGaN nanowire 

heterostructures which are nearly free of dislocation and exhibit a very small level of strain 

field. 

1.2.4 InGaN-based Photovoltaics 

Concerns about the deteriorating global environment and depleting natural resources have 

prompted a new wave of technology development for green energy solutions. Clean and 

virtually unlimited solar energy, in this regard, has drawn considerable attention. The dominant 

photovoltaics technology in current market is nearly $17.90 per MWh (1.79 cent/kWh) [222], 

which is lower than that of the conventional coal-fired power (5 cent/kWh) using fossil fuel 

energy [223]. The market price of crystalline Si photovoltaic cell has decreased from $76.67 

per watt in the year of 1977 to $0.23 per watt in the year of 2017 [224, 225], practically proves 

Swanson's law [226]. The ultimate costs of solar electricity can be further reduced by increasing 

energy conversion efficiency up to the thermodynamic limit of solar cell efficiency [227-229].  

In the past decades, extensive and intensive efforts have been put into the development of 

high-efficiency photovoltaics including inorganic solar cells using CuInGaSe2 (CIGS), CdTe, 

and silicon polycrystalline thin films. To date, the energy conversion efficiency of solar cells 

can reach over 30% for two-junction cells [21, 230] and well over 40% for three-junction cells 

[20-23] under concentrated sunlight illumination. However, a large portion of the solar 

spectrum in the energy ranges of 1.0-1.2 eV and 2.5-3.4 eV has not been utilized in the state-

of-the-art GaAs/InGaP/Ge triple-junction solar cell [231]. Moreover, such devices are 

generally grown on GaAs, InP, Ge and/or GaSb [232-235], which are prohibitively expensive 

and, as a result, their terrestrial applications have been very limited.  

Recently, it has been discovered that the absorption spectrum of InGaN alloy can be 

continuously varied from 0.7 to 3.4 eV, representing the only semiconductor that can match 
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almost perfectly to the solar spectrum. The use of InGaN alloy for the design of tandem solar 

cells offer many distinct advantages, including greatly reduced manufacturing costs and 

improved device reliability, due to the minimal thermal and lattice mismatches. InGaN alloys 

exhibit many favorable photovoltaic properties including high carrier mobility, high peak and 

saturation velocities, high absorption coefficients, high thermal conductivity, and high 

temperature resistance. Compared to other III-V alloy materials such as III-phosphide and III-

arsenide, InGaN alloys exhibit a much more reliable and stable optical and electronic properties 

under concentrated and high-energy photon irradiation (2 MeV or more) [54], providing a great 

potential for a high-efficiency radiation-hard solar cell for the use in some extreme environment 

such as space applications. Therefore, drastically improved efficiency is expected from InGaN-

based solar cells which match almost perfectly to the solar spectrum.  

High efficiencies have also been promised for single junction and tandem InGaN-based 

solar cells in many theoretical studies. For single-junction solar cells, the overall conversion 

efficiency of a In0.35Ga0.65N solar cell and a In0.65Ga0.35N cell solar cell can reach about 8% 

[236] and ~ 20% [237], based on the theoretical studies from Dahal et al. [236] and Zhang et 

al. [237] respectively. For a two-junction InGaN/GaN solar cells with top and bottom bandgap 

of 1.74 eV and 1.15 eV, an efficiency of 35.1% was concluded by Zhang et al. [238]. Christiana 

et al. studied the theoretical solar-cell efficiency for multi-junction InGaN solar cells under the 

radiation concentration of 500× and a spectrum of 6000 K black body radiation. The derived 

efficiencies for three, four, five and six stack tandem cells are 56%, 62%, 65% and 67.3%, 

respectively [239, 240]. 

Most of the experimental reports on InGaN-based solar cells used planar heterostructures, 

for example, p-GaN/InGaN/n-GaN heterostructures or p-GaN/InGaN MQWs/n-GaN 

heterostructures, in which an absorption segment using an InGaN layer or InGaN/GaN MQWs 

is sandwiched by p-GaN and n-GaN layers. To date, the experimentally measured conversion 
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efficiency of such single-junction InGaN solar cells remain much lower than their theoretically 

predicted values corresponding to the specific InGaN energy bandgap. On GaN 

(0001)/sapphire substrate, Kuwahara et al. fabricated and characterized a single junction p-i-n 

InGaN-based solar cell using an intrinsic InGaN absorption layer [241]. Using a solar simulator 

(1.5 suns), its open circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and 

conversion efficiency (η) were measured to be 2.23 V, 1.59 mA/cm2, 61%, and 1.41%, 

respectively [241]. For an In0.35Ga0.65N/GaN MQW solar cells epitaxially grown on GaN 

substrate, reported by Dahal et al. [236], its Voc, Jsc, FF, η and maximum output power were 

measured to be 1.80 V, 2.56 mA/cm2, 64%, 2.95% and 2.95 mW/cm2, respectively. Liou et al. 

has reported some impressive results of InGaN/GaN MQWs solar cells grown on SiCN/Si(1 1 

1) substrate [242, 243]. Such InGaN-based solar cells exhibited Voc in the range of 2.72-2.92 

V, Jsc in the range of 2.72-2.97 mA/cm2, FF in the range of 61.5-74.89%, and relatively high 

efficiencies of 4.97-5.95% [242, 243].  

The large gap between the experimental measured efficiencies and the theoretical 

predicted efficiencies of planar InGaN-based solar cell is mainly related to poor crystalline 

quality of the heteroepitaxially grown InGaN layers. A high In content from around 25 to 100% 

is critical to obtain high efficiency InGaN-based solar cells [236]. However, the current 

material quality of InGaN deteriorate when the In content is high, resulted from phase 

separation/segregation, the dramatically increased lattice mismatch between InGaN and GaN, 

and high defect and dislocation densities. The resulting poor efficiency of InGaN materials at 

long-wavelength visible spectral range have been shown in Figure 1-2, due to the poor material 

quality of In-rich InGaN layers. When the thickness and the In content of InGaN layer increase, 

InGaN alloys suffer from phase separations, defects and dislocation, which will lead to lower 

Voc, lower Jsc and lower FFs than theoretical predicted values. The defect states increase 

nonradiatvie recombination rate, degrading output characteristics of InGaN-based solar cells. 
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To avoid a large amount of phase separation, defects and dislocations and obtain the good 

crystalline quality of the InGaN epitaxial layers, in the currently reported InGaN-based solar 

cells, both of the In content and the thickness of InGaN absorption layers are very limited [242]. 

This explains the relatively low Jsc and η in the currently reported InGaN-based solar cells. In 

addition, it has been reported that the polarization field of InGaN alloy has adverse effects on 

the Jsc and η of InGaN-based solar cells due to a polarization-induced trap state and the resulting 

lower minority carrier lifetime [244-247]. In this regard, the increased piezoelectric 

polarization resulted from the inherent strain of InGaN layers will suppress the Jsc and η of 

InGaN-based solar cells, in addition to the difficulties in increasing the In content and the 

thickness of InGaN absorption layers [244-247]. Moreover, in the reports of InGaN-based solar 

cell, to reduce the mismatch between the substrate and epitaxially grown layers the InGaN 

layered heterostructure are generally grown on GaN substrate, which is expensive and creates 

the difficulty in integrating InGaN-based solar cell with the well-developed Si-based 

photovoltaics technology. 

As a summary of previous paragraphs, there is a need to develop innovative technologies 

that can significantly improve the energy conversion efficiency of solar cells while maintaining 

the economic and environmental advantages of Si-based technology. It is desired to 

monolithically integrate high efficiency InGaN solar cells directly on low cost, large area Si 

substrate [248, 249]. High quality InGaN-based nanowires can be grown directly on Si 

substrates, which eliminates the use of expensive III-V substrates. Moreover, taking advantages 

of large strain relaxation, InGaN-based nanowires can be epitaxially grown with variable In 

content and thick absorption segment. Such unique features of InGaN-based nanowires 

promise a viable approach to achieve the theoretical predicted efficiency of InGaN-based solar 

cell which are currently difficult for layered InGaN heterostructures. 
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1.3 Progress and Status of InGaN Nanowire Optoelectronics  

1.3.1 InGaN Nanowire Light Emitting Diodes (LEDs) 

A wide color-tunable range of InGaN nanowire LEDs can be achieved at various output 

power levels. Previously, the achievement of high internal quantum efficiency (IQE) 

InGaN/GaN dot-in-a-wire green, yellow (IQE: ∼45%), red (IQE: 32%) and white (IQE: ∼60%) 

LEDs has been reported at room temperature [119, 120, 250, 251]. An output power of more 

than 5 mW was also reported for an unpackaged InGaN-based nanowire LED [252]. Moreover, 

the presence of efficiency droop is small in the studies on InGaN/GaN green, yellow, red and 

white nanowire LEDs on Si(111) substrates [119, 120, 250-254]. Kishino et al. reported on the 

demonstrations of green, yellow and orange InGaN nanowire LEDs integrated on the same 

wafer using a single MBE growth [255, 256]. Such multi-color InGaN nanowire arrays were 

grown on GaN/Sapphire with a thin Ti mask (~ 10 nm) [255, 256].  

Tunnel junction enables the stacking of multiple p-n junctions in LEDs providing the 

unique opportunity to realize GaN-based nanowire LEDs exhibits multi-color emission and 

enhanced efficiency [257-259]. Various design schemes of tunnel junctions, including 

GaN/Al(Ga)N/GaN [260-262], GaN/InGaN/GaN [263-265] and GaN/GdN/GaN [258, 266] 

have been used in GaN-based LED structures. However, the difficulty in the incorporation of 

p-type dopants has severely limited the tunneling probability [267, 268]. Recently, it has been 

demonstrated that dopant incorporation can be enhanced in nanowire structures, due to the 

reduced formation energy of III-substitutional dopants due to effective strain relaxation in the 

near-surface regions [130, 269]. Using p++-GaN/InGaN/n++GaN tunnel junctions to connect 

multiple InGaN active regions, white nanowire LEDs have been realized [269]. In the same 

report, without using an current converting driver, alternating-current operated nanowire LEDs 

have been realized through monolithic integration of p-GaN up and p-GaN down nanowire 

LED structures on the same substrate [269]. However, the epitaxial growth of multiple InGaN 
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active regions and multi tunnel junctions into the same nanowire encounter the possibility of 

nanowire coalescence. In addition, the limited color-tunability and the relatively low CRI of 

white light is the disadvantage for this approach to be used for practical applications of full-

color and white LEDs [269]. 

Nanowire InGaN/GaN LED heterostructures can be grown on various types substrates, 

providing substantial reductions in production costs and material consumption as well as great 

flexibility for the integration into systems with comprehensive functions. In addition to Si 

substrates [270], nanowire InGaN/GaN heterostructures can be fabricated on other low cost 

substrates, including amorphous glass, aluminum foil and copper substrates [271, 272]. 

1.3.2 InGaN Nanowire Lasers 

The tunable energy bandgap, extremely small surface recombination velocity, and large 

exciton binding energy (~ 26 meV for GaN) render InGaN nanowires a promising candidate 

for ultra-low threshold, small scale and compact lasers [273-277].  

Using a GaN nanowire with length of ~ 40 µm, the first optically pumped GaN nanowire 

laser exhibited multiple-mode and a threshold power density of ~ 700 nJ/cm2 (pulsed excitation) 

[273]. More recently, single-mode nanowire lasers have been demonstrated by using single 

GaN nanowire [275, 278, 279]. By significantly reducing nanowire dimensions but maintaining 

high material gain, with the number of cavity modes reduced, Li et al. reported optically-

pumped single GaN nanowire lasers which exhibit a single-mode linewidth of ~ 0.12 nm and 

threshold power density in the range of 200 to 400 kW/cm2 depending on nanowire length 

[275]. By coupling single GaN nanowire to an underlying Au substrate, with multiple 

transverse-mode suppressed, Xu et al. reported single-mode lasing [279]. By creating cleaved-

coupled cavities in single GaN nanowires transferred to Si substrate, Gao et al. theoretically 

and experimentally demonstrated lasing spectral manipulation of GaN single nanowires [278]. 

Multi-color lasing emissions have been realized by using InGaN plasmonic optical pump lasers 
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[280-282]. In the demonstration of InGaN plasmonic lasers, the InGaN/GaN nanowire gain 

medium was placed on Al2O3 coated with Ag film, and the lasing wavelengths can be varied 

from 474 nm to 627 nm by optical pumping of nanowires with different InGaN compositions 

[281, 282]. The threshold power densities were in the range of 10-100 W/cm2. However, the 

linewidths were ~ 4 nm, which need further improvements [281, 282].  

Very recently, with the use of high density spontaneously grown InGaN nanowires on Si 

substrate, relatively low threshold InGaN edge-emitting lasers were demonstrated in the green 

[283] and red spectral range [284]. Taking advantages of InGaN/GaN disk-in-a-wire 

heterostrcutures, a lasing peak with the wavelength of 533 nm and a linewidth of ~ 0.8 nm was 

achieved by using nanowire edge emitting lasers with the threshold current density of 1.72 

kA/cm2  [283]. By further increasing the In content in the active region, the lasing wavelength 

was extended to 610 nm with a threshold current density of ~ 2.9 kA/cm2 [284]. In these 

structures, a small strain field complements the reduced dislocation densities, and the three-

dimensional quantum confinement of charge carrier and the resulting near-discrete density of 

states leads to large gain and differential gain. With such dot-in-nanowire arrays, diode lasers 

with emission extending from 533 nm to 1.3 μm have been demonstrated [283-285]. However, 

it is difficult and complicated to integrate multi-color nanowire edge-emitting lasers into a 

single chip to achieve tunable-color emissions. 

Surface-emitting laser provides a viable and monolithic approach to integrate full-color 

lasers to achieve tunable-color emissions from a single chip. Nanowire photonic crystal lasers 

use an external high-Q photonic crystal microcavity providing a strong feedback regardless of 

the nanowire lengths, offering the possibility of achieving nanoscale lasing. A bottom-up 

nanopillar photonic crystal lasers has been demonstrated, taking advantages of a 

GaAs/InGaAs/GaAs axial double heterostructure for accurate, arbitrary placement of gain 

within the cavity and lateral InGaP shells to reduce surface recombination [286]. The lasers 
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operate single-mode at room temperature with low threshold peak power density of ∼ 625 

W/cm2 [286]. An optically pumped monolithic single GaN nanowire laser (λ=371.3 nm with 

a linewidth of 0.55 nm) on Si with a 2-D photonic crystal (PC) resonant cavity operating at 

room temperature has been recently demonstrated [287]. The threshold is observed at a pump 

power density of ~ 120 kW/cm2 and the spontaneous emission factor β is estimated to be 0.08 

[287]. 

A few groups have developed optically pumped multiple-color InGaN nanowire photonic 

crystal lasers [288, 289]. Using the top-down approach to fabricate nanowire photonic crystal 

lasers, Wright et al. reported single-mode lasing in the blue-violet spectral range with a 60 nm 

(380-440 nm) tuning range [288]. With a threshold of 130 kW/cm2, sharp lasing peaks (width 

< 0.2 nm) appeared at 415 nm. Using the technique of selective area epitaxy on GaN template 

by MBE, Ishizawa et al. demonstrated optically pumped InGaN nanowire photonic crystal 

lasing with peak positions varying from 477 nm to 560 nm at room temperature [289]. The 

spectral linewidths were around 2.7 nm, and the threshold power densities were measured to 

be around 1 MW/cm2 [289]. Over the same chip, the lasing peak positions mainly depends on 

the lattice periodicity of InGaN nanowires array. However, the current demonstrated photonic 

crystal lasers have large threshold, relatively low efficiency, and low output power. Moreover, 

there is no corresponding reports of electrically injected surface emitting lasers.  

1.3.3 InGaN-based Nanowire Solar Cells  

Benefiting from the unique geometry of nanowires and their high aspect ratio, nearly 

dislocation-free nanowire structures have many advantages for the photovoltaic applications, 

including efficient radial collection of all carriers, direct and short paths for carriers to reach 

the electrode and large surface area to absorb the incident light. In the past few years, nanowire 

solar cells leapfrogged other mature photovoltaics technologies, such as dye-sensitized solar 
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cells and multicrystaline Si solar cells. The progress of nanowire solar cells is fast in recent 

years. 

Various approaches can be used to fabricate nanowire solar cells, for example, ZnO 

nanowire arrays synthesized by using aqueous solutions, TiO2 nanowire arrays synthesized by 

anodization of Ti foils, and Si nanowire arrays synthesized by chemical vapor deposition 

(CVD) or vapor-liquid-solid (VLS) approach [290-297]. Intense efforts have been paid on the 

development of nanowire solar cells by using inorganic material systems and various synthesis 

techniques. The nanowire structure, synthesis method, Voc, Jsc and η of various nanowire 

material system are summarized in Table 1-2, based on the extensive reports of nanowire solar 

cells.  

Table 1-2: Reports of nanowire solar cells of various material systems.  

Structure 

(Synthesis method) 
Voc and Jsc η First Author 

Year of report 

Ensemble nanowire array 

Axial p-i-n InP  

(SAE-MOVPE) 

One-sun  

0.779 V and 24.6 mA/cm2 

13.8% J. Wallentin [298] 

2013 

Ensemble nanowire array 

Core-shell p-i-n InP  

(SAE-MOVPE) 

One-sun  

0.43 V and 13.7 mA/cm2 

3.37% E. C. Garnett [299] 

2011 

Single nanowire 

Axial p-i-n Si  

(Vapor-liquid-solid growth) 

One-sun  

0.29 V and 3.5 mA/cm2 

0.5% B. Tian [296] 

2009 

Single nanowire 

Core-shell p-i-n Si  

(Vapor-liquid-solid growth) 

One-sun  

0.45 V and 9.8 mA/cm2 

3.2% T. J. Kempa [300] 

2012 

Ensemble nanowire array 

Axial p-i-n GaAs 

 (MOCVD) 

One-sun  

0.906 V and 21.3 mA/cm2 

15.3% Ingvar Aberg [301] 

2016 

Ensemble nanowire array 

Core-shell ZnO/CdS  

(MOCVD) 

One-sun  

0.8 V and 14.6 mA/cm2 

2.81% M.-L. Zhang [302] 

2014 

Ensemble nanowire array 

p-GaN nanowires/n-Si substrate  

(CVD) 

One-sun  

0.95 V and 7.6 mA/cm2 

2.73% Y. B. Tang [24]  

2008 

 

As shown in Table 1-2, the active photovoltaic elements of nanowire solar cells can be 

either single nanowire [297] or ensemble nanowire array, depending on the purposes of 
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experiment. The characterizations of single nanowire solar cell, in which only a single 

nanowire is connected to electrodes, can rule out the adverse factors introduced in the 

fabrication process of ensemble nanowire array such as nonuniform metal contact and 

insufficient carrier collection, revealing the inherent photovoltaics properties of materials. For 

example, for axial and core-shell p-i-n Si single nanowire solar cells grown using VLS 

approaches, core-shell nanowire structure exhibited nearly five times higher efficiency values 

than axial nanowire structure, and the Voc, Jsc and FF values of core-shell nanowire structure 

were also much higher than axial nanowire structure [296]. This reveal the importance of 

suppressing surface recombination for p-i-n Si nanowire solar cells. However, the synthesis 

method and/or fabrication process of single nanowire devices generally require sophisticated 

skills and high-resolution equipment. 

InGaN-based nanowires exhibit large electron mobility and high absorption coefficient 

over the wide range of InGaN bandgaps (5.7×105 and 5.2×105 cm-1 at the bandgap of 2.95 eV 

and 2.45 eV, respectively [239]), which can lead to both fast electron transport and high light 

absorption. Extensive progresses have been made on the development of InGaN-based 

nanowire solar cells. However, there are still plenty of room for further improvements in 

InGaN-based nanowire solar cells, as presented in the Table 1-3. for example, due to limited 

In composition (0 to 0.27) used in coaxial n-GaN/i-InGaN/p-GaN nanowires reported by Y. 

Dong et al., this nanowire heterostructures were similar to planar InGaN heterostructures and 

it exhibited high Voc but relatively low Jsc [303]. One of the challenge for current InGaN-based 

nanowire solar cell is the difficulty in suppressing the surface recombination but maintaining 

fast carrier transports and sufficient carrier collections. As presented in the Table 1-3, for 

example, using axial p-i-n InGaN nanowire, nanowire solar cells reported by M. F. Cansizoglu 

et al. exhibited relatively high Jsc of 4.6 mA/cm2 but low Voc of 0.22 V, due to surface 

recombination at the nanowire surfaces [304]. In contrast, as presented in the Table 1-3, using 
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core-shell n-GaN/InGaN MQW/p-InGaN nanowires grown on GaN substrates, the nanowire 

solar cell reported by J.J. Wierer Jr. et al. exhibited a higher Voc of 0.5 V but a lower Jsc of ~ 1 

mA/cm2 [305]. Among the reported single-junction InGaN nanowire-based solar cell, 

ensemble axial p-i-n InGaN nanowire array exhibit the highest efficiency of 0.5%, benefiting 

from its relatively high Jsc of 4.6 mA/cm2 [304]. 

Table 1-3: Reports of InGaN-based nanowire solar cells.  

Structure 

(Synthesis method) 

Voc and Jsc η  Author 

 Year of report 

Ensemble nanowires 

Core-shell MQW GaN/InGaN  

(MOCVD, n-GaN was created 

by top-down etching) 

One-sun  

0.5 V and 1 mA/cm2 

0.3% J. J. Wierer Jr. [305] 

2012 

Single nanowire 

Coaxial (Core-shell)  

n-GaN/i-InGaN/p-GaN 

(MOCVD, Ni-catalyst) 

One-sun,  

In compositions (0 to 0.27) 

2-1 V, 0.059-0.39 mA/cm2 

∼0.19% Y. Dong [303] 

2009 

Ensemble nanowires 

Axial p-i-n InGaN nanowire  

(MBE) 

One-sun  

0.22 V and 4.6 mA/cm2 

0.5% M. F. Cansizoglu [304] 

2015 

Ensemble nanowires 

Axial p-i-n InN  

(MBE) 

One-sun  

0.14 V and 14.4 mA/cm2 

0.68% H. P. T. Nguyen [306] 

2011 

 

With the advantages of large strain relaxation of GaN-based nanowire heterostructures on 

Si substrate, intense attentions have been paid to GaN-based nanowire/Si hybrid devices as a 

double-absorption-band structures for photovoltaics applications. Under the AM 1.5G one-sun 

illumination, relatively high Jsc of ~ 7.6 mA/cm2, Voc of ~ 0.95 V, FF of 0.38 and η of ~ 2.73% 

have been measured from a hybrid solar cell in which p-GaN nanowire arrays which were 

grown on n-Si substrate [24]. In such a top-illuminated double-absorption-band structure, the 

top GaN nanowire arrays absorb the light with photon energies larger than the bandgap of GaN, 

and the bottom Si substrate absorb the light with photon energies smaller than the bandgap of 

GaN but larger than the bandgap of Si [24]. Through a p++/n++ tunnel junction, the feasibility 

for the monolithic integration of InGaN-based nanowire arrays and Si solar cells have been 

demonstrated by using MBE growth [307]. With the ideal double-bandgap configuration of 
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1.75 eV/1.13 eV, such integrated InGaN nanowire/Si tandem photoanodes exhibit a 

photocurrent density of 16.3 mA/cm2 under AM1.5G one-sun illumination. At 0.5 V versus 

normal hydrogen electrode (NHE), the applied-bias-photon-to-current efficiency of 8.3% has 

been achieved [24].  

The efficiency of nanowire solar cell could be further enhanced dramatically by 

overcoming a few challenges.  Nanowire solar cells exhibit high surface-to-volume ratio which 

leads to a large amount of surface states such as defects which trap the carriers generated by 

photovoltaics. Surface recombination could result in low efficiency. Moreover, even though 

the dopant incorporations in nanowire is more efficient than that in planar structures, the proper 

p-type doping of III-nitride nanowires is still difficult and requires careful optimization, further 

limiting the improvement of the nanowire solar cell performance.  

1.4 Progress and Status of GaN-based Field-Effect Transistors (FETs) and the 

Advantages of Vertical GaN-based Nanowire Field-Effect Transistors 

1.4.1 Introduction on GaN-based FETs and the Status of Normally-Off GaN-based 

Planar HFETs 

GaN-based heterojunction field-effect transistors (HFETs), also known as high electron 

mobility transistors (HEMTs), taking advantages of a high density two-dimensional electron 

gas (2DEG) formed at the high-mobility heterojunction between GaN and AlGaN, offer an 

effective alternative to Si metal-oxide-semiconductor field-effect transistor (MOSFET). Due 

to the advantages of GaN-based materials including large critical electrical field, wide bandgap, 

high peak electron velocity and high saturation electron velocity, GaN-based electronic devices 

exhibit low ON-state resistance (Rds-on), high breakdown field and fast switching speed, 

promising high-power, high-temperature, and high-frequency operations [308-310]. Compared 

to Si-based devices, GaN-based devices exhibit lower losses at high voltage (typically in the 
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hundreds of volts) and very stable characteristic parameters such as Rds-on over varying 

temperature [308]. 

Figure 1-4 shows the basic structure of a GaN-based HFET which is a depletion-mode 

(normally-on) device [311]. The growth of GaN epilayers on Si, SiC and sapphire substrates 

requires the use of thick GaN, AlGaN and/or AlN buffer layers [311]. Currently, lateral 

configuration is widely used for GaN-based FETs, due to the challenge in the development of 

vertical GaN power devices [311, 312]. In contrast to Si MOSFETs which generally use p-n 

junctions [311], GaN-based HFETs do not rely on p-n junction, exhibiting symmetric structure 

of the HFET drain and source. This unique feature of GaN-based HFETs makes possible the 

self-commutated reverse conduction, and the GaN-based HFETs has no avalanche breakdown 

[308-310]. 

 

Figure 1-4: The basic structure of GaN-based HFET. Reprinted from journal publication 

authored by E. A. Jones et al. in 2014 IEEE Workshop on Wide Bandgap Power Devices and 

Applications (WiPDA) © [2014] IEEE [311], with the permission of IEEE. 

The conventional HFETs are fundamentally normally-on (depletion-mode) device [311]. 

In such normally-on devices, the devices conduct across the drain to source even without any 

voltage applied to its gate; a negative voltage is applied to gate to turn the device off by 

depleting the 2DEG. However, normally-off devices (enhancement-mode devices) are more 

desirable in power converters, due to simpler driving circuit and more reliable power switching 

than normally-on devices. 

Normally-off HFETs can be fabricated by using three different approaches including 

insulated gate enhancement mode, non-insulated gate enhancement mode and cascode [311]. 
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Currently, the normally-off GaN-epilayer-on-Si FETs from leading companies generally 

exhibit maximum current (Imax) in the range from 10 A to 30 A, Rds-on in the range from 25 to 

350 mΩ, and Vth, gs in the range from 0.8 V to 3 V [313-318]. According to published 

specifications of HRL laboratories [313], normally-off GaN FETs with insulated gate F-plasma 

treated, exhibits Imax of 5.5 A, Rds-on of 500 mΩ, and Vth, gs of 0.6 V, which is the lowest Vth, gs 

value to the best knowledge of the author. According to published specifications of NEC [314], 

normally-off GaN FETs with insulated gate which is a recessed gate, exhibits Imax of 240 

mA/mm and Vth, gs of 1.5 V.  

However, GaN-based FETs generally suffer from a phenomenon called current collapse 

and the associated device degradation. Along with the switching cycles of ON and OFF, 

trapped electrons obstruct the current flow when high voltage is applied [319]. Such electron 

trapping occurs at high electrical field, increasing Rds-on and hence degrade the performance of 

FETs [319]. In high-voltage operations, the effects of current collapse irreversibly result in the 

device failures caused by the heating effect [319]. The trap states originate from crystal defects, 

dislocations, and/or the presence of impurities [320-323]. However, the detailed mechanisms 

of current collapse are still under research. The current collapse might be attributed to thermally 

activated defect diffusion, and a few types of defects such as electric-field-enhanced defects 

have been identified to be responsible for this phenomenon [322-325]. In addition to current 

collapse, there are other challenges such as short-channel effects. The short-channel effect 

hinders the efforts on further reduction of the device size to integrate as many as transistors in 

a dense integrated circuit [326-328]. 

To address the current challenges in GaN-based FETs, the main bottleneck is eventually 

the fundamental challenges in growing high quality GaN-based epitaxial layers on cost 

effective, large area substrates such as Si substrates. The characteristics of current GaN-based 

FET devices are directly related to the materials qualities such as defect density, dislocation 
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density, macroscopic stress and deformations in epilayers, and interface roughness [319, 329-

331], which are ultimately limited by large lattice mismatches and large mismatches in thermal 

expansion coefficient in heteroepitaxy of GaN-based layers.   

1.4.2 Normally-Off GaN-based HFETs Using GaN-based Nanowires 

Various GaN-based nanowire field-effect transistors [332-334] and InGaAs/InP-based 

nanostructure devices [335, 336] have been demonstrated, by using 3-dimension (3D) III-V-

based active nanostructures which are surrounded by efficient 3D gate structures. Based on the 

geometries of employed nanostructure active regions, various 3D gate configurations including 

double-gate [337], triple-gate [334, 335], multi-gate [338], and gate-all-around [339, 340] 

structures have been demonstrated and developed. III-V-based FETs using 3D active regions 

and 3D gate exhibit improved performance such as much better electrostatic control and higher 

temperature operations [338], compared to conventional planar devices. Besides improved 

materials quality of nanostructures due to effective strain relaxation, it has been observed that 

transistors using nanostructures can exhibit much reduced short-channel effects [341].  

Current GaN-based nanowire FETs generally use top-down approaches to make 3D 

structures [338-340, 342]. Figure 1-5 illustrates the fabrication process of a gate-all-around 

hybrid MOS-HFET [311, 339]. To maximize controllability of HFET devices, the entire GaN-

based nanowires were surrounded by 3D-distributed gate materials, as shown in Figure 1-5 

[332].  Such a normally-off GaN-based transistor consisting of triangle-shaped GaN nanowires 

arranged horizontally, exhibits a threshold voltage of 3.5 V, an on/off current ratio of 108, a 

transconductance of 3 mS/mm, and a drain current of 8 mA/mm. Its maximum drain current is 

0.11 mA and the maximum transconductance is 0.04 mS. 



 

31 

 

 

 

Figure 1-5: Fabrication sequence of a GaN nanowire gate-all-around (GAA) transistor: (a) The 

structure of GaNOI wafer. (b) The formation of GaN nanowire arrays. (c) Reduced GaN 

nanowire arrays achieved by etching along <1-100> direction, which resulted in the triangle-

shaped nanowire. (d) Release of GaN nanowire arrays by removing the sacrificial SiO2 buried 

oxide. (e) Regrowth of AlGaN/GaN heterostructure on the patterned GaNOI wafer. (f) 

Schematic illustration of the proposed nano-device. Reprinted from the journal publication 

authored by K.-S. Im et al. in Applied Physics Letters [339], with the permission of AIP 

Publishing. 

The fabrication of horizontally-arranged GaN-based nanowire FETs inevitably requires 

separation of the active region from the underlying bulk substrate [338], which use sacrificial 

layers such as a selective SiGe epitaxial layer [342] or a buried oxide layer in the fabrication 

process [339, 340]. The relatively poor material qualities of GaN-based epilayers grown on 

sacrificial layers limit the transistors performance [338]. Due to the need of multiple etching 

processes, such a device fabrication is challenging, considering the difficulties to identify 

multiple proper and effective etching solutions and/or etching procedures. 

Compared to lateral-type devices which are generally limited by the short-channel effects, 

vertical-type devices make it more viable and practical to integrate more transistors in a dense 

integrated circuit. The source-drain path or electron gas can be configured vertically in a 
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vertical-type device, instead of occupying a relatively large substrate area to horizontally 

arrange the source-drain path in lateral-type devices.  

As shown in Figure 1-5 [339], the fabrication processes of lateral-type 3D nanostructured 

GaN-based power-switching devices with 3D-distributed gates, were complicated and difficult 

[334, 335, 337-340]. Moreover, their fabrication involving multiple etching process which 

degrades the device performances [334, 338, 339]. The current lateral-type GaN-based power-

switching devices generally rely on using c-plane Al(Ga)N/GaN heterostructure, exhibiting 

extremely high sheet electron concentration (>1013/cm2) induced by strong piezoelectric and 

spontaneous polarization effects at the heterointerface [343, 344]. However, the extremely high 

sheet electron concentration increases the difficulties and complexities for making normally-

off devices (enhancement-mode devices) in the lateral-type configurations [344-346]. Instead, 

vertical-type configurations make it possible to use nonpolar planes as the active regions of 

HFETs [344].  

 

Figure 1-6:  SEM images of the tilted (a) GaN trapezoidal wire array after ICP RIE with SF6 

and H2 gases for 30 min; (b) GaN nanowires after wet chemical treatment of trapezoidal wires 

in developer at 85 °C for 4 h. Inset: epitaxy structure of GaN layers before etching. Reprinted 

from the journal publication authored by F. Yu et al. in Applied Physics Letters [344], with the 

permission of AIP Publishing. 

Recently, F. Yu et al demonstrated a vertical GaN wrap-around gated field-effect 

transistors using the nonpolar sidewalls of GaN nanowires on GaN/sapphire substrates [344]. 
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Through inductively coupled plasma reactive ion etching (ICP RIE) of n-i-n GaN homo-

epilayers grown by MOVPE on c-plane sapphire substrates, GaN trapezoidal wires in regular 

honeycomb array are realized by using e-beam evaporated Cr as a mask layer [344]. The SEM 

image in Figure 1-6 (a) presents the GaN wire array together with the Cr masks at the top of 

GaN wires [344]. A “post ICP” wet etching treatment was employed to smoothen the sidewalls 

of GaN wires, by using a buffered KOH solution (a commercial developer AZ400K). Figure 

1-6 (b) presents wires array exhibiting smooth a-plane {11-20} sidewalls and reduced wire 

diameters after “post ICP” wet etching treatment [344].  

            

Figure 1-7: (a) Schematics of a vertical GaN transistor with three electrodes formed by 

mushroom shape nanowire array (bottom right) with the naked array (top) as well as a 

processed nanowire (bottom left); (b) cross-sectional schematic of one GaN nanowire inside 

the transistor with layer structure after multi-deposition (left) and a dyed cross-sectional SEM 

image of its lower part (right); (c) SEM image of a single nanowire in device after processing 

with a gate length (Lg) of 1.3-1.6 μm. Reprinted from the journal publication authored by F. 

Yu et al. in Applied Physics Letters [344], with the permission of AIP Publishing. 

Figure 1-7 (a) is the schematics of vertical GaN nanowire transistors [344]. Shown in 

Figures 1-7 (a) and (b), 20-nm-thick SiO2 was firstly deposited by plasma enhanced atomic 

layer deposition (PEALD) to form a dielectric layer on the a-plane sidewalls. A 300-nm-thick 

Cr layer was deposited by e-beam evaporation to form the wrap-around gate (or gate-all-

around) contact, and an organic polymer was used to fill the gaps between the nanowires [344]. 

Drain-metal contact was deposited at the top of nanowire arrays, and source-metal contact is 

deposited at the side of nanowire array, due to the use of nonconductive sapphire substrate 
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[344]. The device fabrication process of such a vertical GaN nanowire transistor with a wrap-

around gate is more straightforward than the generally reported lateral-type power-switching 

devices. 

Besides the general advantages of vertical-type transistors, such a vertical enhancement-

mode GaN nanowire has a relatively straightforward fabrication process and the advantages of 

using nonpolar GaN sidewalls. This normally-off GaN transistors consisting of 7 nanowires, 

exhibited a threshold voltage of 1.2 V, an on/off current ratio of 108, a transconductance of 125 

mS/mm, and a drain current of 314 mA/mm. However, this GaN nanowire device rely on the 

dry etching process and the use of GaN/sapphire substrates to make the nanowire arrays [312, 

344].  

In the current vertical GaN nanowire transistors, the use of nonconductive sapphire 

substrate limits the heat dissipation and essentially requires a metal contact placed at the side 

of nanowire arrays. Conductive properties of Si substrates offer unique advantages as a 

substrate [308-310], compensating the relatively low thermal conductivity of GaN and enabling 

the use of backside metal contact. The employment of Si substrates reduces the cost, enabling 

the scale-up of vertical GaN-based nanowire transistors. For the applications in the fields of 

power transistors, it is very desirable to develop the selective-area epitaxy (SAE) of GaN-based 

nanowires on Si substrate to grow high quality GaN-based nanowires which can be flexibly 

and precisely controlled in nanowire geometry and nanowire size. Through the SAE of GaN-

based nanowires on Si substrate, GaN-based nanowires with tunable electrical characteristics 

can be vertically integrated on Si substrates. The flexibility to tailor the nanowire size and 

position make a relatively simple device fabrication possible, making possible the scale-up of 

vertical GaN-based nanowire transistors. 
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1.5 The Organization of this Dissertation  

In Chapter 1, the status and challenges of demanding optoelectronics including LEDs, 

lasers and solar cells in the visible spectral range are reviewed and discussed in sections 1.1 

and 1.2, and the status and challenges of GaN-based FETs are reviewed and discussed in 

section 1.4.1. To realize those demanding applications and overcome the associated challenges, 

GaN-based epilayers and nanowires have been used to develop efficient and effective GaN-

based optoelectronics and GaN-based FETs. The progresses are reviewed and discussed in 

sections 1.2, 1.3, and 1.4.  

It can be concluded based on the overview and discussions in Chapter 1 that the 

development of optoelectronic devices and FETs made by using conventional GaN-based QWs 

or planar heterostructures is ultimately restricted by the challenges in growing high-quality In-

rich InGaN planar heterostructures, integrating mismatched substrates and/or device 

fabrications of GaN-based planar heterostructures. These fundamental and practical challenges 

can be overcome or avoided by using GaN-based nanowires. In addition, the use of nanowire 

enables the flexibility to tailor the geometry and size of materials and devices, meeting the 

needs of novel and advanced applications of optoelectronics and transistors.  

In Chapter 2, bottom-up approaches and top-down approaches to fabricate or synthesize 

GaN-based nanowires are introduced in section 2.1, with special attention paid to the bottom-

up approaches including vapor-liquid-solid (VLS) growth, catalyst-free spontaneous growth 

and selective area epitaxy (SAE). The molecular beam epitaxy (MBE) system are introduced 

in section 2.2, advantages and disadvantages of MBE-grown nanowire are discussed section 

2.3. In section 2.4, challenges and opportunities of GaN-based nanowire heterostructures and 

devices in the aspects of inherent characteristics, growth, device fabrications and practical 

applications are reviewed and discussed. In section 2.5, the characterization methods used in 

this dissertation are introduced briefly. 
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Based on the challenges and opportunities described in section 2.4 about the state-of-the-

art GaN-based nanowire heterostructures and devices, a few experimental studies have been 

conducted. The methods and results of these experimental studies are described and discussed 

in Chapter 3, Chapter 4, Chapter 5, Chapter 6 and Chapter 7. In Chapter 8, the research works 

in this dissertation are summarized and future works are proposed. 
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Chapter 2: Molecular Beam Epitaxial Growth and Characterizations of High 

Quality GaN-based Nanowire Heterostructures 

2.1 Bottom-up Approaches of Nanowires  

2.1.1 Introduction 

The methods to synthesize or fabricate GaN-based nanowires including bottom-up 

approaches and top-down approaches [124, 347]. In the top-down approaches, as-grown GaN-

based planar heterostructures are selectively etched into GaN-based nanowire heterostructures, 

taking advantages of the nanoscale patterns created on planar heterostructures [348-351]. 

Various types of mask materials, such as metal and SiOx nanoislands [348, 352], have been 

used to define the geometry and size of resulting nanowire heterostructures. Nanoscale patterns 

can be defined by using various methods, such as electron beam lithography (EBL) [353] and 

nanoimprint lithography [349]. The top-down approaches for In-rich GaN-based nanowire 

heterostructures are ultimately limited by the challenges in the epitaxial growths of In-rich 

GaN-based planar heterostructures exhibiting long-wavelength emissions. Moreover, the 

etching process generally introduce damage and defects on nanowire sidewalls [350, 351], 

limiting the performances of resulting GaN-based nanowire devices. 

The bottom-up approaches, in which nanowire heterostructures are grown monolayer by 

monolayer through the build-up of adatoms on the bottom substrates, mainly include the vapor-

liquid-solid (VLS) growth [354], catalyst-free spontaneous growth [355, 356] and selective 

area epitaxy (SAE) [357].   

2.1.2 Vapor-Liquid-Solid (VLS) and Spontaneous Growth of Nanowires 

GaN-based nanowire heterostructures provide a viable route to minimize defect 

concentrations and hence achieve a high radiative recombination efficiency, which has been 

shown to be essential to maximize GaN-based device performance.  
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Figure 2-1: (a) Diffraction contrast TEM image of a GaN nanowire that terminates in a faceted 

nanoparticle of higher (darker) contrast. (Inset) CBED pattern recorded over the region 

indicated by the white circle. The white scale bar corresponds to 50 nm. Reprinted with 

permission from the journal publication authored by X. Duan et al. in Journal of the American 

Chemical Society [358]. Copyright (2000) American Chemical Society. (b) A schematic 

representation of the vapor-liquid-solid (VLS) growth. Reprinted from the journal publication 

authored by S. Chattopadhyay et al. in Critical Reviews in Solid State and Materials Sciences 

[359], with the permission of Taylor & Francis. 

In the VLS growths of GaN nanowires, particles or nanoislands of metal catalysts, such 

as Ni, Au, Co and Fe [358, 360-363], absorb Ga from gas phases to form supersaturated liquid 

alloy phases. With the Ga supply from liquid alloy, GaN nanowires nucleate and grow at the 

interface between liquid alloy and solid surface [364]. Figure 2-1(a) shows the TEM analysis 

on a GaN nanowire grown by using laser-assisted catalytic growth which is based on VLS 

growth mechanism [358]. The faceted nanoparticle at the top of GaN nanowire is the alloy 

containing the Fe catalyst [358]. Figure 2-1(b) is a schematic of the VLS process [359]. Metal 

catalysts act as preferred nucleation and unidirectional growth sites of nanowires. The size and 

position of nanowires mainly depends on the size and position of metal catalysts. The size and 

position of nanowires are also affected by various growth parameters such as vapor pressure 

and growth temperature [354, 365]. Various VLS growth techniques have been developed to 

grow GaN nanowires [358]. For example, low pressure metal-organic vapor phase epitaxy 

(MOVPE) use trimethylgallium (TMGa) [360] or triethylgallium (TEGa) [360] as the Ga 
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sources, and 1.1-dimethylhydrazine (DMHy) or NH3 can serve as the N source corresponding 

to the used Ga source. By using chemical vapor deposition (CVD), Ga2O3 and NH3 have been 

used to synthetize GaN nanowires [362].  

 

Figure 2-2: Cross-sectional SEM image of spontaneously grown GaN nanowires by using 

MBE. Reprinted from from the journal publication authored by S. Fernández-Garrido et al. in 

Nano Letters [366]. Copyright (2013) American Chemical Society. 

However, the optical and electrical properties of GaN nanowire heterostructures and their 

devices suffer from the undesirable contaminations from metal catalysts during the VLS 

growth [363, 367, 368]. The adverse effects of metal contaminations have been well studied in 

the VLS growths of Si nanowires [369-371]. In GaN nanowire, such metal impurities lead to 

defects such as stacking faults and create deep-level trap states [367]. 

In the approach of spontaneous growth which have been widely used in molecular beam 

epitaxy (MBE), III-nitride nanowires can be formed spontaneously under nitrogen-rich 

conditions without using any foreign metal catalysts [355, 356, 372], thus there is no metal 

impurities incorporated in the nanowires. Figure 2-2 shows the SEM image of the cross section 

of spontaneously grown GaN nanowires by using MBE [366]. It has been concluded from 

recent experiments that spontaneously grown InN nanowires nucleate and grow from In 

droplets [373, 374], which is known as a self-catalytic growth process [375]. A few studies 
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suggest the spontaneous formation of GaN nanowires is also assisted by Ga metal catalysts, 

and the growth mechanism is also a self-catalytic process [376-378].  

However, it has not reached a conclusion on the underlying mechanism for spontaneous 

formations of GaN nanowires, different epitaxy mechanisms have been proposed instead of 

self-catalytic process [376, 377, 379-381]. A few studies ruled out the possibility of a self-

catalytic process in their experiments due to a few considerations and concluded that the 

spontaneous formations of GaN nanowires is due to a different mechanism [380-382]. In these 

experiments, the growth of GaN nanowires used relatively high growth temperature, wherein 

Ga droplets were unstable and therefore cannot act as catalytic sites [380-382]. In catalytic 

growth processes, the presence of metal catalysts is commonly observed, as shown in Figure 

2-1 (a). However, in spontaneous growths of GaN nanowires, researchers did not observe the 

presence of Ga droplets on the tip or sidewall of the nanowires [96, 355, 356]. An experimental 

study show that there is no difference in nanowire size and density whether the  pre-deposited 

Ga droplets (90-340 nm) were used or not [355]. Instead of a self-catalytic mechanism, these 

studies attribute the self-organized process of GaN nanowires mainly to the variations in 

sticking coefficients, diffusion coefficients, and surface energies on different crystallographic 

planes [380, 381].  

Figure 2-3 (a) illustrate the self-organized nucleation process and Figure 2-3 (b) illustrate 

the subsequent nanowire growth from stable nucleation sites [355]. Nucleation of GaN 

nanowires is initialized through the self-induced nucleation of dislocation-free coherently 

strained islands driven by a strong lattice mismatch nucleation mechanism (Volmer-Weber 

growth mode) [381]. At the same time, the higher sticking coefficient on the (0 0 0 1) c-plane 

[382] and nitrogen-rich condition (high V/III ratios) prevent layer growth and nucleation sites 

coalescence [355, 376, 382]. For the c-oriented growth or propagation of GaN nanowires, 

according to a recent density functional theory (DFT) calculation [383], the large aspect ratio 
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of GaN nanowires cannot be fully explained by diffusion-induced growth mechanism. This 

DFT calculation indicates that the diffusion barrier along c-axis is anisotropically large and 

hence the diffusion length is shorter at the lateral m-plane surface [383]. To fully explore the 

spontaneous growth mechanism of GaN nanowires, the models may need to take account in 

other factors such as the contribution of the direct impingent Ga adatoms to the c-oriented 

propagation and shadowing effect of neighboring nanowires [355].  

 

                                (a)                                                           (b) 

Figure 2-3: (a) A schematic of the self-organized nucleation process of GaN nanowires. (b) A 

schematic of nanowire growth from stable nucleation sites. Reprinted from Journal of Crystal 

Growth, Volume 310, J. Ristić, Jelena et al., On the mechanisms of spontaneous growth of III-

nitride nanocolumns by plasma-assisted molecular beam epitaxy, Page 4035, Issue 18, 

Copyright (2008), with permission from Elsevier [355]. 

2.1.3 Selective Area Epitaxy (SAE) 

The self-organized process of spontaneously grown nanowires introduces the variations 

in nanowire size and length, making it difficult to grow uniform nanowire array or artificially 

tailor the morphology and sizes of nanowires. Using artificially prepared mask which is flexible 

in design, selective area epitaxy (SAE) technique enables one to precisely control the size, 

position and morphology of nanowires and other nanostructures such as nano-stripes and nano-

rings. The nano-scale patterns of SAE mask are defined using high-resolution lithography.  
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Large lattice mismatch can originate from either lattice-mismatched substrates or large 

composition variations between neighboring layers. Because of efficient strain relaxations in 

heteroepitaxy with large lattice mismatch, SAE has been reported to effectively accommodate 

strain and significantly improve III-V material quality on lattice-mismatched substrate such as 

Si substrate [384, 385]. As shown in Table 1-1, Si substrate exhibits a lattice mismatch of 4.1% 

with GaAs and a relatively large thermal expansion coefficient compared to GaAs epilayers, 

resulting in considerable defects in GaAs-based epilayers grown on Si substrates. Hence, the 

growth of high quality GaAs-based epilayers generally requires expensive substrates such as 

Ge substrate which exhibits a much smaller lattice mismatch. However, taking advantages of 

SAE, high-quality and defect-free III-arsenide nanostructures have been achieved on Si 

substrates by using MBE [386] and MOCVD [384].  On GaAs substrates patterned with SiO2, 

the growth of various high quality III-arsenide heterostructures have been achieved using SAE, 

such as dislocation-free InGaAs film [387], InGaAs QWs [388], large area arrays of GaAs 

disks and islands [389, 390], GaAs nanowires [391], highly uniform rows of InAs quantum 

dots (QDs) [392], InAs islands [393, 394], and InAs QDs LED [395]. Besides III-arsenide, the 

SAE of III-nitrides was also extensively explored by using MOCVD [396, 397] and MBE [357, 

398, 399]. The GaN nanostructures selective-area grown on SiC substrates with Si3N4 mask 

exhibit significantly improved quality and longer carrier lifetime compared to planar film 

[400]. Selective-area grown GaN-based nanowire heterostructures can exhibit effective strain 

relaxation, and also effectively reduce the dislocations originating from the substrate [401]. 

SiO2, SiNx, and Ti were also used as growth mask materials to grow GaN nanowires by using 

SAE on GaN templates [399, 402-404].  

Recently, GaN-based nanowire arrays, with precisely controlled size and position, have 

been achieved using SAE technique in RF-MBE [357, 399, 405]. In this process, nanoscale 

growth patterns were defined on a thin mask layer using high-resolution lithography such as 
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EBL or nanoimprint. The schematic of selective area epitaxy of GaN-based nanowires on 

GaN/sapphire substrate is shown in Figure 2-4. Using the ratio of Group-III/N2 flow rate in 

appropriate growth window and substrate temperatures much higher than the self-assembled 

case, group-III metal atoms on patterned substrate either desorb or diffuse to nanoholes and 

nucleated sites. This leads to the nucleation of GaN occur only on a GaN surface which is 

exposed in the opening rather than a mask surface. During the epitaxial growth, nanowires 

nucleate and grow selectively only within the nanoholes, enabling the localization of the 

epitaxial growth on predetermined sites. High epitaxy selectivity is achieved by optimizing and 

controlling parameters in each step, including the surface roughness of mask, mask geometry 

(diameter and spacing), treatment of mask prior to MBE growth, and growth parameters (III/V 

ratio and substrate temperature) during the MBE growth. The growth dynamics of SAE on 

GaN/sapphire substrates consists of selective area growth kinetics in the nucleation stage 

including initial nucleation, coalescence onset and full coalescence, and free-surface-energy 

minimization in the growth stage including morphological evolution and vertical growth [405, 

406].   

 

Figure 2-4: Schematic of selective area epitaxy of GaN-based nanowires on GaN/sapphire 

substrate. The thickness of each layer is not drawn to scale. 

2.1.4 Pattern Preparations for Selective Area Epitaxy in this Dissertation 

Prior to fabrications of patterned substrates, a thorough solvent cleaning and deposition 

of a Ti thin mask layers was firstly conducted on commercial GaN/sapphire wafers or Si wafers 
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with MBE-grown GaN/AlN buffer layers. The wafers were cleaned by using acetone, isopropyl 

alcohol (IPA) and deionized (DI) water. By using e-beam evaporation, a 10 nm-thick Ti layer 

was then deposited on top of the GaN as the mask layer, as illustrated in Figure 2-5 (a).  

To fabricate Ti mask, a positive resist layer poly(methyl methacrylate) (PMMA) was 

firstly spin-coated onto the Ti layer and then treated by softbaking. After that, the nanohole 

array was defined into PMMA layer using e-beam lithography. Various pattern designs, such 

as different shape and size, can be defined by EBL which can create patterns with the nano-

scale feature size. After the designed patterns were exposed in the EBL system (MIRA3 XMH 

equipped with a Schottky field emission electron gun), the wafers were developed in methyl 

isobutyl ketone (MIBK).  

        

(a)                                                 (b)                                       (c)  

Figure 2-5: (a) Illustration of nanohole-patterned substrate, (b) Illustration of the selective 

formation of GaN nanowire array, and (c) a bird’s-eye-view SEM image of GaN nanowires 

grown on patterned substrate.  

To transfer the nanohole-array patterns from PMMA to Ti layer, the exposed Ti material 

was etched down to GaN layer using CHF3 in a reactive ion etching (RIE) chamber. After that, 

the remaining PMMA resist was thoroughly removed from the surface by using a two-step 

process including O2 RIE and solvent cleaning using NMP based removers (Remover 1165). 

The patterned substrates underwent a final clean using concentrated hydrogen chloride (HCl, 

37%) before being loaded into the MBE chamber for nanowire growth.  
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                      (a)                                              (b)                                                (c) 

 

                      (d)                                              (e)                                                 (f) 

Figure 2-6: Bird's-eye-view SEM images of Ti masks consisting of (a) regular hexagonal 

nanoholes, (b) triangle nanoholes, and (c) circular nanoholes, and top-view SEM images of 

GaN-based nanowire array consisting of (d) regular hexagon nanowires, (e) non-regular 

hexagon nanowires, and (f) triangle nanowires. 

Figure 2-5 (a) is an illustration of a patterned substrate with the Ti mask. Figure 2-5 (b) is 

a schematic of the GaN nanowire array selective-area grown on the patterned substrate. The 

bird’s-eye-view SEM image of the uniform GaN nanowire array grown by using MBE are 

further shown in Figure 2-5 (c). Various GaN nanostructures, such as nano-stripes, nano-rings 

and nanowires, can be achieved on patterned substrate with the optimized growth conditions 

by using MBE. The variations in morphology and size of GaN nanowires can be engineered 

by varying the designs of mask openings.  

Figures 2-6 (a), (b) and (c) show bird’s-eye-view SEM images of Ti masks consisting of 

regular hexagonal nanoholes, triangle nanoholes, and circular nanoholes. To take the SEM 
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images shown in Figures 2-6 (a), (b) and (c), a 45º tilted sample holder was used. Figures 2-6 

(d), (e) and (f) show top-view SEM images of GaN-based nanowire array consisting of regular 

hexagon nanowires, non-regular hexagon nanowires, and triangle nanowires. The Ti mask 

layer is treated with nitridation prior to the growth of nanowires. 

2.2 Introduction on MBE System and MBE Growth Process 

The growth or synthesis of GaN-based nanowires have been successfully developed by 

using various techniques including chemical vapor deposition [362], chemical beam epitaxy 

[407], molecular beam epitaxy (MBE) [357, 399, 405], and hydride vapor phase epitaxy [408, 

409]. Among the various growth techniques, metal-organic chemical vapor deposition 

(MOCVD), also known as metal-organic vapor phase epitaxy (MOVPE), has been widely used 

in industries and academic institutions for manufacturing semiconductor devices, and become 

a major process to grow III-nitride materials [360, 410] and III-arsenide materials [384, 394]. 

 

                             (a)                                                            (b)  

Figure 2-7: (a) Vacuum Electronic Equipment Co. Gen-II™ molecular beam epitaxial growth 

system equipped with a radio-frequency plasma-assisted nitrogen source, the inset is the flange 

ports installed with Ga, In, Al, Ge and Mg effusion cells. (b) Vacuum Electronic Equipment 

Co. GENxplor™ R&D MBE system containing two growth chambers equipped with radio-

frequency plasma-assisted nitrogen sources. 

To precisely control the composition and dimensions in the atomic level, radio frequency 

plasma-assisted MBE were used for the growths of GaN-based nanowires in this dissertation. 

The radio-frequency plasma-assisted Vacuum Electronic Equipment Co. (Veeco) GEN-II™ 
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molecular beam epitaxial growth system and Veeco GENxplor™ R&D MBE system are shown 

in Figures 2-7 (a) and (b), respectively. MBE systems consists of three vacuum chambers including 

a growth chamber, a buffer chamber, and an intro chamber which are separated by valves. After 

cleaning substrates thoroughly, the substrates are firstly degassed at 200 °C in the intro chamber. 

The substrates are subsequently transferred to buffer chamber and a second degassing process 

at 450-650 °C is applied to the substrates. The growth process is conducted in the growth 

chamber which has an extremely clean and high-purity environment. In the growth chambers 

of these two MBE systems, effusion cells containing In, Ga and Al elemental materials are 

used to provide group-III elements in the epitaxy of III-nitride materials. In radio-frequency 

plasma-assisted MBE system, inert N2 gas is ionized by a N2 plasma cell to form active 

nitrogen plasma supplying the group-V element in the epitaxy of III-nitride materials. In 

addition, effusion cells containing Si, Ge and Mg elemental materials are used to provide 

dopants in the epitaxy of III-nitride nanostructures for device applications.  

MBE has reached a high level of maturity and now offers several important advantages 

for III-nitride materials compared to the MOCVD, such as better interface control, in-situ 

monitoring capability provided by reflection high-energy electron diffraction (RHEED), and 

lower growth temperature for epitaxy. Driven by the extensive needs to grow high quality 

epitaxial nanostructures or layers for various applications, MBE system manufacturers have 

been devoted to the development of novel MBE system design and MBE manufacturing 

techniques since the invention of MBE system by J. R. Arthur and Alfred Y. Cho in the late 

1960s [411, 412]. For example, fully-integrated GENxplor™ R&D MBE system launched in 

2013 by Veeco [413], exhibits open-architecture design and efficient single frame integrating 

all vacuum components with on-board electronics, enabling ease-of-use and convenient access 

to maintenance [413, 414]. The GENxplor™ R&D MBE system also has the flexibility to 



 

48 

 

 

incorporate new functions such as dual-chamber operations and new equipment such as 

electron beam evaporators [413, 414].     

2.3 Advantages and Disadvantages of Nanowires Grown by MBE 

Compared to other materials growth/synthesis techniques such as MOCVD, the atom-by-

atom epitaxy precision of MBE can enable the highest control of the structural, electronic, and 

optical properties of various III-nitride nanostructures [357, 399, 405, 415-417] besides other 

advantages of MBE mentioned in the section 2.3. The unique surface diffusion and atom 

incorporation kinetics in MBE make possible the self-organized nanowire growth process [355] 

and SAE of nanowire [405, 406], eliminating the formation of extensive surface defects and 

usage of foreign metal catalyst. The ultra-high vacuum of MBE (< 1×10-10 Torr) can largely 

eliminate the unintentional impurity incorporation in III-nitride nanostructures. 

In the conventional MOCVD process, the In incorporation is often restricted by the very 

high growth temperature [91, 418]. The quality of In-rich InGaN QWs epilayers has been 

limited by severe In phase separation. Taking advantages of radio frequency plasma-assisted 

MBE, catalyst-free In-rich InGaN nanowires [250, 283-285] and InN nanowires [129] have 

been achieved, indicating unambiguous advantages of MBE in growing In-rich InGaN 

materials. For example, high efficiency yellow and red LEDs have been developed by using 

MBE-grown InGaN nanowires [250, 419]. Electrically-pumped visible and near-infrared lasers 

with emission peak varying from 533 nm (green) to 1.3 μm have also been demonstrated by 

using MBE-grown InGaN nanowires. Using MBE, monolayer InN QWs in GaN matrix [420] 

and InN nanowires [129, 144, 421] have been demonstrated. 

One another critical advantage of MBE is p-type doping is more efficient in MBE than 

that in MOCVD [129]. The p-type conduction is essential and critical for the realization of high 

efficiency III-nitride devices. The uncontrolled surface charge properties of In(Ga)N materials 

and the difficulty in realizing p-type conductivity have been recognized as one major obstacle 
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for the practical applications of III-nitride semiconductors in the green, yellow, orange, red and 

near-infrared spectral range. By using MBE, the precise control over the surface charge 

properties of InN [421] was achieved, and p-type InN was demonstrated recently [129]. It is 

further discovered that electron accumulation and surface Fermi-level pinning are absent on 

the surfaces of MBE-grown InN nanowires [144, 421]. The background carrier (electron) 

concentration in MBE-grown InN nanowire arrays can be reduced to ~ 1013 cm-3 [144, 145, 

421]. P-type conduction in InN is confirmed by studying the characteristics of InN:Mg 

nanowire FETs [129]. By using MBE on Si substrates, efficient incorporations of Mg and Si 

enables the development of AlN, InGaN and InN nanowire optoelectronic devices [130, 251, 

306, 422]. For example, the achievement of p-type conduction has led to the first demonstration 

of InN p-i-n LEDs operating at ~ 1.8 m [422]. Nguyen et al. reported the first InN:Mg/i-

InN/InN:Si nanowire solar cells grown on Si (111) substrate by using MBE [306]. Voc of 0.14 

V, η of ~0.68% and a relatively high Jsc of 14.4 mA/cm2 were measured under one-sun AM 

1.5G illumination [306]. 

With recent advances of production MBE systems, the processing cost and throughput of 

MBE systems has been brought to a level comparable to MOCVD. Compared to MOCVD 

[423-425] and HVPE [426], the growths of core-shell single III-nitride nanowires and core-

shell III-nitride nanowire arrays are more difficult by using MBE in which axial and non-core-

shell GaN-based, InN and AlN nanowires are generally grown [129, 130, 251, 306, 422].  

2.4 Opportunities and Challenges for GaN-based Nanowires: From Inherent 

Characteristics to Practical Applications 

2.4.1 The Use of RGB Nanowire LEDs for Color-Tunable Chips 

Subpixel rendering technique, which monolithically integrates individual red, green, and 

blue or additional yellow subpixels into one color-tunable pixel, is being widely used in display 

industries for various applications such as flat-panel displays (FPDs) and promise the future 
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applications such as mobile projections [427] and wearable displays [428, 429] including hand-

held display media and compact head-mounted display. To achieve power-efficient displays 

exhibiting high resolution and good image quality, it is highly desirable to make self-emissive 

display pixels with low power consumption, extremely high pixel density, wide color tunability 

and accurate color display [430, 431].  

 

  (a)                                                              (b) 

Figure 2-8: Summary of (a) external quantum efficiency and (b) overall luminous efficacy (or 

luminous efficacy of a source) versus the OLED device size based on the latest reports of blue, 

green, red and white OLEDs from various laboratories [46-50, 53, 162-168, 432-436]. 

Corresponding to the symbol notations in the Figures 2-8 (a) and (b), the symbols of blue, 

green, red and white OLEDs are plotted with blue, green, red and black colors, respectively. 

For some literatures which do not provided EQE values directly, their EQE values are 

calculated from the given overall luminous efficacy using luminous efficacy of radiation 

function (CIE 1978 Judd−Vos-modified photopic eye sensitivity function) [437, 438]. The 

detailed information of OLEDs is listed in Appendix I.  

Portable displays such as smartphones require higher pixel density than large displays 

such as computer displays and television displays. In other words, color-tunable pixels of 

current portable displays represent the-state-of-art subpixel rendering technique used for 

commercial displays. As shown in Figure 1-3 and discussed in the section 1.2.1, OLED 

technology is currently leading the portable display industries, but its recent advancements in 

reducing the pixel size and improving luminous efficiency were stagnant or slower than earlier 
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years. In contrast to its success in portable displays, OLED technology has not obtain the same 

success in large panels like television and automotive displays [439].  

OLED technology suffers from various challenges and bottlenecks in the aspects of 

manufacturing and practical usage, limiting its further development and commercialization 

[41-44, 51-53]. Based on the latest reports of the mm-scale and µm-scale OLEDs from various 

laboratories [46-50, 53, 162-168, 432-436], Figure 2-8 summarizes their EQEs and overall 

luminous efficacies (or luminous efficacy of a source) of OLEDs versus their lateral device 

sizes, which are key parameters for display technique. The detailed information of OLEDs is 

listed in Appendix I at the end of this dissertation. Shown in Figure 2-8 (a), EQE of OLED 

decreases with the lateral device size, which limits the further reduction in the OLED pixel size 

for its application in high resolution displays and other µm-scale or nm-scale applications [46-

50, 53, 162-168, 432-436]. Using organic materials, it is difficult to achieve efficient devices 

below tens µm and nm-scale devices [214, 440]. The limited performance of µm-scale OLEDs 

is due to complexity and high cost in high-resolution mask patterning for OLED technology 

[441], and cross-contamination between organic layers during high pixel density patterning 

[167, 442-444]. Those difficulties explain the slow advancement of AMOLED-based display 

technique in recent years shown in Figure 1-3, which represents one of the main bottlenecks 

for whole display industry. Moreover, large divergence of light emission is the inherent 

characteristics of OLEDs (a mm-scale illumination area from a µm-scale OLED), also 

hindering the further development of OLED technology for ultra-high-resolution displays [53]. 

In contrast, InGaN-based microLED displays do not have most of the issues which OLED 

technology encounters [439, 445]. With much higher brightness and luminous efficacy as well 

as lower cost and much larger screen dimensions, the scalable InGaN-based microLED 

displays improves dramatically in its resolution in recent years [427, 431, 439, 445-449].  
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Besides high-resolution displays and visible light communications with high modulation 

bandwidths [202], µm-scale or nm-scale InGaN-based LED chips can also be used as light 

sources for biological and medical applications. For example, µm-scale full-color InGaN-based 

LED chips are very suitable for optogenetics which integrate devices such as semiconductor 

optoelectronic devices into biological systems for gene therapy or alter animals’ behaviors [18, 

19]. CCT-tunable white illumination sources are essential to identify, count, and sort biological 

cells [25]. To in-situ and real-time render the tiny tissues during some surgery, it is higly 

desriable to develop a cellular-scale color-tunable InGaN-based LED chips which can be 

inserted into a limited space or precise location in human body for clinical process [19]. In 

addition, optimized illumination conditions can facilitate plant growth [25]. Moreover, it has 

been discovered that body chemistry and circadian performance will be affected by 

illumination conditions (light intensity, wavelength and duration) [2, 25, 26]. Full-color 

InGaN-based LED chips promise a color-tunable, natural, healthy, efficient and smart LED 

illumination systems which are essential for a productive and comfortable daily life [2, 25, 26]. 

The combination of color-tunable InGaN-based LED chips with biological techniques can 

facilitate the development of clinical technologies and fundamental biological research [2, 18, 

19, 25, 26]. 

Conventional GaN-based white LED illumination generally uses phosphor-based 

materials to generate long-wavelength spectral components by down-convert light from GaN 

or violet/blue- InGaN-based emitters. Similar to that, in the conventional LED displays using 

subpixel rendering, phosphors-based color converting media are used to make subpixels which 

generate green red, and/or yellow monochrome light by using down conversion mechanism, or 

color filters are used to separate white light from conventional GaN-based white emitters 

((In)GaN and phorsphor-based materials) into RGB monochrome lights [174, 175, 446, 450-

454]. However, these conventional approaches are severely limited in the flexibility to tune the 
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spectral power distribution of mixed light to achieve accurate color display for good image 

quality or achieving accurate CCT for appropriate and natural illumiantions [176, 454]. The 

usage of phosphors for down conversion approach also leads to the disadvantages of short 

lifetime and Stokes fluorescence loss [446, 450, 455], and the approach using color filters also 

suffers from short lifetime and the loss of filtered white light [446, 450].  

Besides conventional approaches to make color-tunable chips and phosphor-based white 

LEDs, an alternative approach is to monolithically integrate self-emissive red, green and blue 

(RGB) InGaN LEDs sources directly on a single chip, instead of using the down-conversion 

process to produce long-wavelength spectral components [431, 456]. Compared to other 

conventional approaches for LED displays, the use of self-emissive RGB GaN-based LED 

sources leads to a few advantages for displays such as high compactness, excellent image 

quality and low power consumption [430, 431, 456, 457]. 

The currently reported InGaN RGB devices generally rely on the use of vertically stacked 

MQWs LEDs. For example, Li et al. reported dual-In content InGaN/GaN MQWs LEDs [458]. 

The carrier redistribution in the low- and high-In content QWs, depending on the injection 

current, leads to color-tunable characteristics with a maximum CRI of 85.6 for a CCT of 4895 

K. Wang et al. demonstrated that the CCT can be tuned from 7332 K (cool white) to 2362 K 

(warm white) for a stacked LED tower in which an InGaN blue LED (470 nm), an InGaN green 

LED (510 nm) and an AlInGaP red LED (640 nm),  were bonded together [459]. The 

performance and efficiency of such vertically stacked LEDs, however, has been severely 

limited by the light absorption of adjacent narrow bandgap QWs and poor heat conduction. The 

luminous efficacy of such vertically stacked RGB device was lower than the planar RGB LED 

assembled using identical chips [459]. Moreover, the device performance, including the 

luminance and tunability of CCT, is ultimately restricted by the extremely low efficiency of 

conventional QW LEDs in the deep green and yellow wavelength range [134].  
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An alternative and more appealing approach to make RGB color-tunable chips is to 

laterally arrange RGB LEDs consisting of nanowire structures. These monochromatic µm-LED 

or nm-LED arrays, with their sizes in the µm-scale or nm-scale, can readily generate multi-

color emissions for lighting and full-color displays. To date, with the use of dislocation-free 

InGaN nanowire structures, high efficiency emissions across the entire visible spectral range 

have been demonstrated [126, 460-466]. It has been reported that phosphor-free nanowire 

white LEDs can exhibit extremely high CRI (> 94) for both neutral and warm white light 

emissions [467], but this approach is limited in the tunability of CCT. To achieve real-time 

color tunability, the light output of red, green and blue components should be varied separately 

and controllably. However, such monolithic integrations of RGB GaN/InGaN nanowire LEDs 

devices into single pixel in the µm-scale and nm-scale involve the challenges in epitaxial 

growth and device fabrication, the solutions to which will be discussed and provided in this 

dissertation. 

2.4.2 The Challenges in Spontaneously Grown Nanowires and the Advantages of 

Selective Area Epitaxy  

Conventional VLS epitaxy of GaN-based nanowires generally rely on the use of foreign 

metal catalysts which degrade the optical and electrical properties of nanowire heterostructures. 

Catalyst-free self-organized GaN-based nanowires avoid the usage of foreign metal catalysts 

in the growth process. However, the self-organized nanowires exhibit considerable variations 

in nanowire diameter and position, which is illustrated in the schematics of the self-organized 

evolution of GaN nanowire array shown in Figure 2-9 [366]. Figure 2-9 is sketched based on 

a combination of the nucleation model proposed by V. Consonni et al. [381] and the kinetic 

growth model proposed by S. Fernández-Garrido et al. [366].  



 

55 

 

 

 

Figure 2-9: Schematic illustrations of the self-organized evolution of GaN nanowire array 

from the spontaneous nucleation to a dense nanowire array exhibiting non-uniform nanowire 

diameter, nanowire length and nanowire position. Reprinted from the journal publication 

authored by S. Fernández-Garrido et al. in Nano Letters [366]. Copyright (2013) American 

Chemical Society. 

The considerable variations in spontaneously grown nanowire morphology and geometry 

originate from the fluctuations in diameters and positions of nucleation sites, as illustrated in 

the nucleation stage shown in Figure 2-9 (a). The fluctuations are further developed in the shape 

transformation stage and radial growth stage. Diameter fluctuations and nanowire spacing 

variation affects the axial growth rate, resulting in non-uniform nanowire length. The 

considerable variations in nanowire length, diameter and position can be clearly observed in 

cross-sectional SEM image of self-organized GaN nanowires shown in Figure 2-2. 

The variations in nanowire length, diameter and position degrade the performance of 

nanowire devices. In the nanowire device fabrications, a polyimide resist layer (in this 

dissertation) or other transparent materials like spin-on-glass (SOG) [468] is generally spin-

coated onto the nanowire arrays for planarization, followed by dry etching (O2 plasma in this 

dissertation) calibrated to expose the p-GaN or n-GaN segments at the top of nanowires. The 

metal layer was subsequently deposited at the exposed nanowire segments to create the 

conductive path for carrier injections and carrier collections. However, due to the variations in 
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nanowire length, diameter and position, some p/n-GaN segments are unexposed in polyimide, 

and some other nanowires are overexposed, except a few properly exposed p/n-GaN segments, 

as shown in Figure 2-10. The nanowires with unexposed p/n-GaN segments largely increase 

the overall series resistance and create dark spots in III-nitride nanowire emitters. The 

overexposed nanowires with active regions exposed make the nanowire device leaky or even 

result in the failure of nanowire devices. Only the nanowires with properly exposed p/n-GaN 

segments can form the ohmic contacts and hence contribute to desirable carrier conductions, 

light emissions or photovoltaics.  

 

Figure 2-10: Schematic illustrations of polyimide etching in the device fabrication process of 

spontaneously grown GaN-based nanowire array which exhibits non-uniform nanowire 

diameter, nanowire length and nanowire position. 

To the best of author’s knowledge, the diameters of spontaneously grown GaN-based 

nanowire are generally below ~ 200 nm [366], which might be due to the small size of nanowire 

nucleation sites (generally ∼ 5 nm or smaller) [366], small spacings between neighboring 

nucleation sites, and small radial growth rate due to N-rich growth conditions [366] in the self-

organized process [355, 366, 376, 380-382]. In the axial growth stage, the radial growth rate is 

more than one order of magnitude lower than the axial growth rate [469-471]. In some cases 

of self-organized nanowires, the radial growth ceases when the length of nanowires reach a 

certain value [366]. Besides the difficulty in growing large-diameter InGaN nanowires, it is not 
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viable to tailor InGaN nanowire diameters and nanowire spacings over the same substrate 

through the self-organized approach [355, 366, 376, 380-382]. 

Another challenge of the self-organized approach is the difficulty in growing long 

nanowires (more than 1 µm) to incorporate multijunction (Al)InGaN active segments which 

involves the growths of In-rich active regions at relatively low growth temperatures [269]. This 

difficulty is mainly due to the limited spacings between neighboring nanowires which might 

result in the coalescence between neighboring nanowires. The coalescence between 

neighboring nanowires is very detrimental for the optical and electrical performance of 

nanowire devices. 

 

                                          (a)                                               (b) 

Figure 2-11: (a) Photograph of spontaneously grown nanowire LED emitting white light at 20 

mA injection current. Micro-EL images shown below are acquired under a 10× objective lens 

at various injection currents. (b) Micro-EL image (20 mA) under a 100× objective lens 

revealing full-visible-spectrum. Scale bar: 10 µm. Reprinted from the journal publication 

authored by H.-W. Lin et al. in Applied Physics Letters [463], with the permission of AIP 

Publishing. 

Spontaneously grown green InGaN nanowire array generally exhibit spectral linewidths 

(FWHM) in the range of ~58-87 nm or broader [254, 463, 472, 473]. Broad emissions of self-

organized InGaN nanowire array are attributed to large spatial inhomogeneous distribution of 

In content in each nanowire, inherent phase separation and compositional variations from 

nanowire to nanowire due to fluctuations in nanowire diameter and position in the self-

organized process [463]. It has been realized recently that the In incorporation to nanowires is 
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closely related to the nanowire diameter and nanowire spacing, which determines emission 

wavelength of InGaN nanowires [105, 256]. One representative example of broad emissions 

from spontaneously grown InGaN-based nanowire devices is the white EL emissions shown in 

Figure 2-11 (a) [463]. Shown in Figure 2-11 (b), the magnified image of the white self-

organized InGaN nanowire LEDs shows localized, full-color emissions varying from purple to 

red within an area of a few µm, indicating the large variations in InGaN composition due to 

the fluctuations in nanowire diameter and nanowire position [463].  

 

Figure 2-12: Simulated absorbed light as a fraction of the solar spectrum above the InP band 

gap and calculated Jsc of InP solar cell versus nanowire diameter. Different optical losses due 

to a transparent conducting oxide (TCO) and top insertion reflection are also shown. The 

originality and copyright of this figure and this figure caption is from the journal publication 

authored by J. Wallentin et al. in Science [474]. Reprinted with permission from American 

Association for the Advancement of Science (AAAS). 

The efficiencies of nanowire-based solar cells and optically-pumped emitters is often 

limited by light absorption, especially when the nanowires have subwavelength dimensions 

[474]. By optimizing the diameter and periodicity of nanowire array, light absorption can be 

dramatically enhanced as well as light reflection can be reduced due to resonant light trapping 

[474]. As shown in Figure 2-12, keeping constant array periodicity of 470 nm, J. Wallentin et 

al. reported that the variations in nanowire diameter significantly affect the light absorption 

and result in the variations in short-circuit current density (Jsc) and efficiency of InP solar cells 
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[474]. This photonic effect is caused by the nanoscale optical index changes [475, 476]. Taking 

advantages of the superior anti-reflection properties of nanowire array with uniform size and 

periodicity, the usage of film anti-reflection coating can be avoided in nanowire solar cells. 

The reduced light loss has been reported for InAs [477], GaP [478, 479], Ge [480], InP [475, 

476], Si [481, 482], and GaAs [483, 484] nanowire solar cell. For a double-junction GaAs-on-

Si nanowire solar cell, Hu et al. reported that Isc depends on the dimension and periodicity of 

nanowire and the highest Isc was measured from an array with diameter of ~ 180 nm and 

periodic spacing of ~ 350 nm [485]. For a GaN nanowire array on Si substrate, A. M. Mozharov 

et al. found that a diameter of 240 nm and periodicity of 540 nm exhibit the lowest reflectance 

and the integral reflectance value is only 3% [486].  

By using the SAE, the size and periodicity of nanowires can be precisely controlled, 

enabling photonic crystal effect. Photonic crystal effect of uniform nanowire array has also 

been used to generate stimulated emission. Recently, stimulated emission from the periodic 

nanowire arrays arranged in a rectangular lattice has been observed [487], where lasing modes 

are the photonic band edge modes. The light intensity is enhanced at the photonic crystal band 

edge modes. By using slow light modes, wherein the in-plane wave vector is zero, photonic 

crystal structure can be designed to emit light vertically and out-of-plane [488-490]. For 

example, Wright et al. obtained the light emission from the top surface at Γ point which showed 

the small in-plane wave vector and large out-of-plane wave vector [491]. Stimulated emissions 

have been realized in the green and blue wavelength by optically pumping InGaN/GaN 

nanowire array which is uniform in nanowire size and array geometry [289, 487].  

In a summary, by using self-organized approach, the grown GaN nanowires are randomly 

distributed on the substrate, with significant variations in size, spacing, length and surface 

morphology. For practical nanowire device applications such as LEDs, lasers and solar cells, 

it is essential to precisely control the formation and properties of InGaN nanowire arrays. 
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Arrays of nanostructures grown using SAE provide a much better homogeneity in terms of 

morphology, electrical and optical properties.  

Combined with MBE, SAE technique can exhibit perfect controllability on GaN-based 

nanowire size and morphology which have been shown in Figure 2-5 (c) and Figure 2-6. The 

bird’s-eye-view SEM image of uniform selective-area grown p-i-n GaN-based nanowire array 

with InGaN active regions is shown in in Figures 2-13. GaN-based nanowire devices promise 

much better current-voltage characteristics than that of self-organized nanowire devices, 

benefiting from the uniform planarization and proper exposure of p/n-GaN at the top of 

nanowires.  

                

Figure 2-13: Bird’s-eye-view SEM image of p-i-n InGaN/GaN dot-in-a-wire nanowire 

heterostructures array which exhibit high degree of uniformity.  

It has been reported that nanowire morphology is closely related to SAE growth conditions 

and its impact on PL was studied [492]. GaN-based SAE nanowire LEDs exhibiting emissions 

from blue to near-infrared have been demonstrated [493-496]. With precisely controlled 

nanowire size and position, SAE green InGaN/GaN QWs nanowire arrays exhibit much narrow 

spectral linewidth, compared to that of spontaneously grown green InGaN/GaN QWs nanowire 

arrays. For example, SAE green InGaN/GaN QWs nanowire arrays with a ~ 50 nm-thick active 

segment grown on GaN/sapphire exhibit a linewidths of 27 nm (135 meV) [497] with the peak 

wavelength of 506 nm and linewidths of 31.5-37.5 nm [495] with the peak wavelength in the 

range of 529.1-543.3 nm.  

1 µm
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By precisely varying nanowire diameters and array periodicity, Kishino et al. reported 

green, yellow and orange InGaN nanowire array LEDs integrated on the same wafer through a 

single SAE by using MBE [105, 256]. It was observed that the emission of InGaN/GaN 

nanowires exhibit a redshift with increasing diameter, which is attributed to the beam 

shadowing effect of the neighboring nanowires and the resulting less Ga incorporation in the 

InGaN segment for nanowires with larger diameters. SAE enables the flexibility of tuning the 

InGaN composition of nanowire array by controlling the nanowire diameters besides the III/V 

ratio and substrate temperature.  

To develop efficient InGaN-based nanowire devices with good current-voltage 

characteristics, high optical absorption and/or extraction, and desirable emission wavelength, 

the flexibility of controlling nanowire dimension and position is essential. SAE of GaN-based 

nanowires can address the aforementioned challenges the approach of spontaneous growth 

encounters. 

2.4.3 Selective Area Epitaxy on Si Substrate Without the Loss of High Electrical and 

Thermal Conductivity 

To make low cost and efficient optoelectronic devices and electronics, it is highly desired 

to monolithically grow and fabricate high efficiency III-V materials and III-V devices directly 

on low cost and large area Si substrate, instead of prohibitively expensive substrates, such as 

GaAs, InP, Ge, CdZnTe and/or GaSb [248, 249, 283, 498-502]. The well-established Si 

microelectronics industry has perfected the techniques and facilities to produce high quality Si 

substrates, and Si-based microelectronic and optoelectronic devices has been playing dominant 

roles in the most fields of current market and industry. While other substrates such as 

GaN/sapphire has a few considerable disadvantages, Si substrates exhibit comprehensive 

advantages, including low cost, high electrical conductivity, high crystal quality, and good 

thermal properties [503].  
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In the synthesis and fabrication of a vertical-type device, thousands of vertical components 

such as vertically aligned nanowire, can be processed at the same time, enabling efficient and 

low-cost production and test process as well as high yield [504-506]. Vertical-type devices 

such as VCSELs, is very suitable for large area and high-power operation, benefiting from the 

advantage that they can be arranged in a dense configuration over a single chip for maximum 

device density [504-506]. The dense configurations of vertical-type devices generally require 

high heat dissipation. In this regard, it is very desirable to use largely available and low-cost Si 

substrates for the epitaxy and fabrication of vertical-type devices [507]. Particularly important 

for the development of efficient photovoltaics and artificial photosynthesis, the epitaxy of 

InGaN on Si substrate enables the direct integration of the well-commercialized Si solar cell 

with III-nitride devices exhibiting tunable absorption spectrum, promising double-junction and 

multijunction InGaN/Si-integrated solar cells [508].  

Devices integrated on non-conductive substrates, such as the vertical GaN nanowire wrap-

around-gated field-effect transistors discussed in section 1.4.2 [344], requires the use of a 

horizontally-arranged conductive contact at the side of devices, even though the vertically 

aligned nanowire array provide the vertical source-drain path. In contrast to devices on non-

conductive substrates, vertical-type devices on conductive substrates has the vertical 

conductive path between top electrode and bottom electrode for efficient carrier collection or 

carrier injection [509]. The bottom ohmic contact for vertical-type devices can be fabricated at 

the backside of Si substrates, instead of a complex and indispensable fabrication process to 

form a parallel contact on non-conductive substrates. For example, devices on nonconductive 

substrates, the fabrication of a parallel contact may include selectively etching materials down 

to a bottom n-GaN or n-AlGaN layers and selectively deposition of metal contact layers over 

a relative small area at the corner or at the lateral sides of active regions [510-513]. 
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However, due to the large bandgap of AlN and GaN, the Si substrate grown with thick 

AlN/GaN buffer templates or thick AlN buffer layers cannot be integrated as a part of the 

vertcailly conductive path, limiting the usages of Si substrate in the vertically-conductive 

devices of III-nitride materials [344]. Employing n-Si substrate as the n-contact, A.-L. 

Bavencove et al. integrated a AlN buffer layer into carrier flowing path of vertically-aligned 

InGaN/GaN core/shell wire LED and concluded that the AlN buffer layer introduced an 

considerable parasitic Schottky barrier [514]. The thickness of AlN buffer layer for the epitaxy 

of GaN or InGaN epilayers on Si substrate is generally 200-300 nm or more [515, 516].  

As discussed in section 2.4.2, SAE nanowires have many advantages due to precisely 

controlled nanowire size and position. The SAE of precisely-controlled nanowires on Si 

substrate has also been explored [398, 403, 404, 517-521], driven by the advantages of Si 

substrate over other type substrates. Due to the extremely high size uniformity, large area SAE 

nanowire devices on Si substrates promise superior performance, which can be developed for 

the demanding applications of LEDs, lasers, photovoltaics devices and FETs discussed in 

Chapter 1.  

However, there have been no reports on SAE nanowire devices using Si substrates as the 

contact, due to the issues in either controlling the nanowire size [521], or usage of thick 

semiconducting buffer layers such as GaN and AlN buffer layers on Si substrates [404, 517-

519, 522]. Using MBE, highly uniform arrays of GaN nanowires can be selective-area grown 

on Ti-mask Si(111) substrates using a 1.6 µm-thick GaN buffer layer which was grown on an 

AlN/GaN superlattice buffer template (a 13-pairs 0.7 nm AlN/1.6 nm GaN short-period 

superlattice and a 20-pairs 5 nm AlN/ 20 nm GaN superlattice) on Si substrates [401]. Using a 

thick GaN buffer layer (~ 120-720 nm thick) grown on a thin SiNx layer, Ti-mask SAE of 

In(Ga)N/GaN nanowires was achieved on GaN-buffered Si(111) substrates by using MBE 

[465]. Taking advantages of SiNx [404] or SiO2 [403] masks, the precisely-controlled SAE 
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nanowires has also been achieved on Si substrates covered by AlN thick buffer layers. For the 

polarity-controlled III-nitride nanowire epitaxy using SiNx mask, K. A. Bertness et al. used a 

relatively thinner MBE-grown AlN buffer layer which was ~ 40 nm thick [404].  

Without the use of any buffer layers, using Ti-mask or SiOx-mask SAE directly on Si, it 

is difficult to control the nanowire size owing to the spontaneous nucleation of thin GaN 

nanowires within mask openings, regardless of the opening size [98, 523]. By using Ti-mask 

nanopatterns with different stripe widths, it was observed that MBE-grown nanowires 

nanowires spontaneously nucleated and grown on exposed Si surface [523]. In each opening, 

there are several nanowires with smaller diameter than the opening width [523]. Figure 2-14 

shows low and high-magnification SEM images of GaN nanowire array grown by using SiO2-

mask selective area epitaxy on Si substrates [98]. 

 

                                      (a)                                                                     (b) 

Figure 2-14: (a) and (b) SEM images of a GaN nanowire array grown by using SiO2-mask 

selective area epitaxy on Si substrates with different magnifications. Reprinted from the journal 

publication authored by E. Calleja et al. in Physica Status Solidi (B) Basic Solid State Physics 

[98], with the permission of John Wiley and Sons. 

In a summary, it is highly desirable to develop precisely-controlled GaN-based nanowires 

on Si substrate by using SAE, however, the current SAE techniques on Si substrate rely on the 

use of thick semiconducting buffer layers with large bandgap. In this regard, the electrical and 



 

65 

 

 

thermal advantages of Si substrate cannot be used for SAE nanowire devices. Without using 

thick buffer layers, the grown nanowires on Si substrates cannot maintain the quality of SAE. 

2.4.4 Nonradiative Recombination on the Nanowire Surfaces 

Recent studies have shown that the surface charge properties play a dominant role on the 

performance of nanowire devices such as nanowire LEDs and nanowire solar cells, due to the 

large surface-to-volume ratio. For the InGaN/GaN QW nanowire in diameter of ∼ 100 nm, the 

surface recombination velocity was estimated to be ~5 × 104 cm/s [95, 524, 525]. The surface 

nonradiative recombination are mainly due to various surface states including unoccupied 

dangling bonds, impurity incorporated along the lateral surfaces, and surface defects induced 

by the strained active regions [526-528]. The commonly reported axial nanowire LEDs 

generally exhibit very low output power, due to large surface recombination and the resulting 

poor carrier injection efficiency [132]. Besides InGaN nanowire LEDs, it has been reported 

that micro-scale InGaN epilayer LEDs also suffer from non-radiative recombination at 

sidewalls induced by dry etching process to make micro-scale InGaN epilayers [529], limits 

the usage of GaN/InGaN QWs heterorstructures for small-size optoelectrical devices including 

high resolution-displays and color-tunable illuminations in a limited space [530, 531]. 

Among the various of reports on single-junction InGaN nanowire solar cell, ensembled 

axial p-i-n InGaN nanowire array exhibit the highest efficiency of 0.5%, benefiting from its 

relatively high Jsc of 4.6 mA/cm2 [304]. However, a relatively low Voc, a poor FF and hence 

relatively low efficiency were measured [304], due to large surface recombination. Benefiting 

from the achievement of p-type conduction in InN grown by using MBE, the first InN:Mg/i-

InN/InN:Si nanowire solar cells grown on Si(111) substrate was achieved by Nguyen et al 

[306]. Under one-sun AM 1.5G illumination, a relatively high Jsc of 14.4 mA/cm2 was 

measured. However, the output characteristics of such InN nanowire solar cells were limited 

by surface recombination [306], which is the one bottleneck of nanowire solar cells. 
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Radial variations of In/Ga distribution have been observed in InGaN/GaN dot/disk/well-

in-a-wire heterostructures [119-123]. However, such radial variations were found to be 

insufficient to suppress nonradiative surface recombination under electrical injection. To tune 

the effect of surfaces on the optical properties of GaAs nanowire, AlGaAs shell was used for 

passivating the GaAs nanowire, resulting in a suppressed surface recombination velocity [532]. 

The use of a large bandgap AlGaN shell covering the surfaces of axial InGaN nanowire LED 

heterostructures has also been explored, which has shown tremendous promise in reducing 

surface recombination and in improving the carrier injection efficiency and output power [121, 

254, 532]. This can be achieved by epitaxially growing AlGaN shell structures incorporated 

surrounding InGaN dots. During the growth of the AlGaN:Mg layer, an AlGaN shell 

spontaneously formed surrounding the nanowire sidewalls, due to the smaller diffusion length 

of Al adatoms [254, 525]. Detailed studies have further confirmed that the AlGaN shell 

thickness can be controlled by varying the growth conditions. Al, Ga, and In signals vary along 

the nanowire lateral dimension, suggesting the formation of an AlGaN shell with a thickness 

~10 nm [525]. The Al-rich shell is continuous from each of the AlGaN barriers and propagates 

well into the n-GaN segment [525]. The output power is more than two orders of magnitude 

larger than that without AlGaN shell structure, due to the suppressed nonradiative surface 

recombination [132, 525, 533]. In these approaches, however, relatively thick AlGaN layers 

were incorporated in the device active region in order to form an AlGaN shell for surface 

passivation. This leads to increased complexity in the device design, growth and fabrication 

process. Moreover, a fundamental understanding of the impact of the AlGaN shell structure on 

the carrier dynamics and device performance has remained elusive. 
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2.5 Characterization Methods of GaN-based Nanowire Heterostructures and Nanowire 

Devices in this Dissertation 

In this dissertation, various characterization methods are used for GaN-based nanowire 

heterostructures and nanowire devices.  

The common characterizations involved in this dissertation include structural 

characterizations, photoluminescence (PL) characterizations, and electroluminescence (EL) 

characterizations, which is described as follows. 

Structural Characterizations: The bird’s-eye-view SEM images were taken with a 45-

degree angle using a FEI Inspect F-50 FE-SEM to reveal the lateral morphology and top 

morphology of nanowire heterostructures. The structural characterizations of nanowire 

heterostructures were also performed with high-resolution transmission electron microscopy 

(TEM) and scanning transmission electron microscopy (STEM) by using a S/TEM system 

(Tecnai F20, FEI) equipped with a 4k×4k CCD camera (Oneview, Gatan). Nanowire 

heterostructures were dispersed onto copper grid for the S/TEM sample preparation. The high-

angle annular dark-field (HAADF) atomic-number contrast images of nanowire 

heterostrucutres shows bright/dark contrast to reveal the elemental distributions. Based on the 

HAADF image of nanowire heterostructures, the energy dispersive x-ray spectrometry (EDXS) 

analysis were conducted to further reveal the elemental profiles in detail. 

PL characterizations: PL measurements were performed by using a 405 nm laser or a 

325 nm laser as the excitation sources. A high-resolution spectrometer was used to collect and 

resolve the emitted light from nanowire arrays, and photomultiplier tubes (PMTs) or a liquid 

N2 cooled charge coupled device (CCD) was used for the light detection in the visible range. 

For power-dependent PL measurements by using a 405 nm laser, a visible neutral density filter 

was used to adjust the power of incident laser beam in the range of 0.03-65.43 mW, which 
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excited the nanowires. For low-temperature PL measurements, nanowire samples were 

measured at the temperature of 78.0 K by using a liquid N2 closed-loop cryostat. 

EL Characterizations: The EL characterizations of nanowire LEDs were performed by 

using a source meter (Keithley, SMU 2400). The p-metal pad at the top surface of a sample 

and n-metal contact of samples were probed for current injection to devices. The current-

voltage characteristics of nanowire LEDs were measured by using the Keithley Sweep and 

Acquire Measurements. The EL from samples was collected by optical fiber dedicated for 

detecting visible wavelength emission at room temperature. The EL was further resolved by a 

JAZ spectrometer (Ocean Optics) for UV-Vis measurements or a high sensitivity PMT in the 

visible range. 

A few characterization methods are used specially for specific studies. For example, time-

resolved photoluminescence (TRPL) is used for characterizing the carrier dynamics of III-

nitride nanowires; and AM 1.5G solar simulator is used for characterizing current-voltage 

characteristics of solar cells. These characterization methods are described as follows.  

Time-resolved Photoluminescence (TRPL): TRPL measurements were performed to 

study the carrier dynamics of nanowire heterostructures. A Horiba DynaMyc system equipped 

with a time-correlated single photon counting (TCSPC) system was used in this measurement. 

The FluoroHub (HORIBA Scientific, Jobin-Yvon) is a time-related single photon module with 

the resolution of 7 picosecond/channel as standard and the measurement time range can be 

varied from 100 picoseconds to 10 microseconds. A fiber-coupled pulsed 375 nm diode laser 

(PicoBrite, HORIBA Scientific, PB-375L) with a 100 MHz repetition rate was employed as 

the excitation source, which was focused on the sample through the Olympus BX51 

microscope (objective 50× or 10×). A pass filter (> 500 nm or > 400 nm) was used before the 

signal was detected by the photon counter (TBX picosecond detection module with the transit 
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spread time of 200 picoseconds). The carrier lifetime (τ) was then derived by a standard 

stretched exponential model [534].  

Characterizations of Solar Cells: The p-metal pad at the top surface of a sample and n-

metal at the backside of Si substrate were probed, and electrical outputs are collected through 

probe stations. The current-voltage characteristics of solar cells were measured in the dark 

environment and under the illumination of 100 mW/cm2 from an AM 1.5G solar simulator 

(Newport, Oriel, LCS-100). The current-voltage characterizations under concentrated light 

were further carried out under the illumination from a Xenon arc lamp (Excelitas Technologies, 

Cermax, R400-1) with an AM 1.5G filter. The filter tailors the spectral output of the Xenon arc 

lamp to match the spectrum of AM 1.5G.  

2.6 Preview of Experiments and Summary of the Contribution of this Dissertation  

This dissertation focuses on the development of GaN-based nanowire heterostructures on 

Si substrates and GaN/sapphire substrates as well as their various device applications, to 

address the aforementioned four challenges in section 2.4. The experimental progress achieved 

in this dissertation largely resolve the challenges and contribute to the development of GaN-

based LEDs, photovoltaic devices, FETs and lasers for the demanding applications in the fields 

of displays, illuminations, energy harvesting, visible optical communications and transistors. 

A large part of the research has been focused on the development of µm-scale and nm-scale 

color-tunable chips by monolithically integrating full-color GaN-based nanowire LEDs over 

the same chip. In addition, this dissertation reports on the achievement of AlInGaN quaternary 

nanowire LEDs and solar cells on Si substrates exhibiting suppressed nonradiative surface 

recombination. Without compromise with the loss of electrical and thermal advantages of Si 

substrates, this dissertation reports on the achievements of GaN-based nanowires exhibiting 

precisely-controlled size and positions through selective area epitaxy on Si substrates. High 

electrical conductivity is further demonstrated on the SAE GaN nanowires vertically integrated 
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on the Si substrates, promising the efficient vertical GaN-based nanowire electronic devices on 

Si platform. The following is the preview of experiments in each chapter. 

In Chapter 3, controllable and tunable full-color light generations are demonstrated 

through the monolithic integration of blue, green/yellow, and orange/red InGaN nanowire 

LEDs. Such multi-color nanowire LED arrays are fabricated directly on Si substrate using a 

three-step selective-area MBE growth process. The laterally arranged multi-color subpixels 

enable controlled light mixing at the chip-level and yield color-tunable light emission with 

CCT values in the range from 1900 K to 6800 K, while maintaining excellent color rendering 

capability. This work provides a viable approach for achieving micro- and nano-scale tunable 

full-color LED arrays without the compromise between the device efficiency and light quality 

associated with conventional phosphor-based LEDs. The overall RGB pixel size of ~0.016 

mm2 was achieved with a monochromatic subpixel size of 50×50 µm2 by using this approach.  

In Chapter 4, taking advantages of SAE of InGaN-based nanowires on GaN/sapphire 

substrates, the overall RGB pixel size is further reduced to 7×7 µm2 with monochromatic 

subpixel sizes of 2.8×2.8 µm2. The emission characteristics of such nanowire LED array can 

be controllably varied by changing the diameters of nanowires in a single epitaxy step, leading 

to high efficiency, tunable and full-color RGB pixels. By incorporating InGaN QDs in single 

GaN nanowires, diameter-dependent emissions tuning from blue to red was achieved from the 

single GaN-based nanowires on the same substrate and its mechanism has been investigated. 

Based on this achievement, we have developed, for the first time, with the world’s smallest 

pixel size, high performance full-color InGaN/GaN single nanowire LED pixel optimized for 

ultra-fine projection displays using only one step epitaxial growth process. Compared to 

conventional GaN-based planar LEDs and organic LEDs, these single nanowire LEDs exhibit 

much better performance, including high light extraction efficiency, precisely tunable-color 
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emission, higher integration density, excellent electrical properties and much less power 

consumption.  

In Chapter 5, the impact of the AlGaN shell structure on the carrier dynamics is discussed, 

and the experiments provide unambiguous evidence on the importance of incorporating a 

robust, large bandgap shell structure in dramatically enhancing the performance of nanowire 

LEDs for the lighting and display applications. AlInGaN quaternary core-shell nanowire 

heterostructures are demonstrated on Si substrate, wherein an In-rich core and an Al-rich shell 

were spontaneously formed during the epitaxial growth process. By varying the growth 

conditions, the emission wavelengths can be tuned from ~ 430 nm to ~ 630 nm. Such core-

shell structures can largely suppress nonradiative surface recombination, leading to a 

significant enhancement of carrier lifetime from ~ 0.2 ns to ~ 2 ns and output power.  

In Chapter 6, uniform GaN-based nanowire arrays are demonstrated on Si substrate by 

using Ti-mask SAE without the loss of the electrical and thermal advantages of Si substrate. 

Taking advantages of ultra-thin AlN and GaN:Ge buffer layers buffer template, the grown 

nanowires exhibited precisely controlled nanowire size and position on Si substrate, 

maintaining the quality of SAE as well as the high electrical conductivity and high thermal 

dissipations of Si substrates. The properties of n-GaN nanowire array selective-area grown on 

Si substrates were further investigated in photoelectrochemical reactions for hydrogen 

production. The PEC results further justified the high conductivity of the ultra-thin 

AlN/GaN:Ge buffer template. The high electrical conductivity of ultra-thin AlN layer has also 

been justified through photovoltaic characterizations of the Si solar cells deposited with a ultra-

thin AlN layer. Electrical transport properties and breakage behavior of vertically aligned GaN 

single nanowires on Si substrate are systematically studied by using in-situ nanoprobing inside 

a SEM chamber. The contact resistance can be dramatically reduced by increasing the Si 

doping concentration in n+-GaN layer of n-i-n-n+:GaN single nanowires. The dependence of 
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the GaN nanowire current-voltage characteristics on Si doping concentration of n+-GaN layer 

and nanowire diameter are investigated. A current density up to 4.65 MA/cm2 and maximum 

electric field up to 17.02 MV/m have been achieved on a single GaN nanowire vertically-

aligned on Si substrate, promising the scale-up of vertical GaN-based nanowire electronic 

devices on Si substrates. 

In Chapter 7, uniform and selective-area grown AlInGaN quaternary nanowire 

heterostructures, exhibiting suppressed nonradiative surface recombination, were 

demonstrated on Si substrates. SAE p-i-n AlInGaN nanowire devices can exhibit the light-

emitting properties and photovoltaic effect over the same chips. PL and EL in green spectral 

range were measured when the AlInGaN nanowire devices were forward biased. Under the 

AM 1.5 illuminations, SAE AlInGaN nanowire devices exhibited higher photovoltaics 

efficiency than those ever reported for p-i-n InGaN-based nanowire solar cell. Stable and good 

output characteristics of AlInGaN nanowire devices are measured under the illuminations of 

concentrated light, showing that selective-area grown AlInGaN nanowire devices on Si 

substrate are very promising for high-power operations requiring excellent heat dissipations.  

In Chapter 8, the summary of this dissertation is presented and future works are proposed. 
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Chapter 3: Micro-scale RGB pixels: Color-Tunable, Phosphor-Free InGaN 

Nanowire Light-Emitting Diodes Monolithically Integrated on Silicon 

3.1 The Status and Challenges of GaN-based RGB Micro-Scale LEDs 

As an alternative approach to conventional phosphor based LED which is not “smart” and 

not efficient in light mixing to tune the correlated color temperature (CCT) of LED lighting 

systems, a full-color LED array consists of red, green and blue (RGB) InGaN-based LEDs 

monolithically integrated within an extremely small size (a microscale area) can be directly 

used for current demanding applications including flat-panel displays (FPDs), mobile 

projections [427], wearable displays [428, 429],  visible light communications [202], biological 

and medical applications [2, 18, 19, 25, 26]. RGB or RGBY monochromatic subpixels on the 

same chip can be separately biased and exhibit emissions which can be mixed and tuned 

controllably over a wide CCT range. These monochromatic micro-LED arrays, with their sizes 

in the micron or even sub-micron scale, can generate multi-color emissions to achieve desirable 

color rendering index (CRI) as well as broad and flexible color tunability, as an efficient 

approach of subpixel rendering technique. 

Recently, researchers have studied the size-reduction effects on the performances and 

characteristics of µm-scale GaN/InGaN QWs LEDs [133, 529, 530, 535, 536], driven by the 

strong desires to develop efficient µm-scale color-tunable LEDs. Those InGaN-based LEDs 

were made by using GaN/InGaN planar heterostructures. As shown in Figure 2-8, the smaller 

OLED exhibits the lower efficiency. In contrast to that, Z. Gong et al. [133] and P. Tian et al. 

[529] observed that the EQE of µm-scale violet- and blue-emitting InGaN QWs LEDs 

exhibited higher efficiency at smaller device size. This observation is consistent with various 

experimental and theoretical studies [133, 530, 537-539]. Such size-dependent efficiencies are 

attributed to lower junction temperature [133, 530], better heat distribution [530, 537], more 

uniform current density distribution [133, 530, 538, 539] and improved light extraction [49, 
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530] in smaller InGaN LEDs. Size-dependent current density-voltage (J-V) characteristics 

shows that the current densities of the smaller LEDs at the same voltage bias are remarkably 

higher than larger LEDs, which may be due to the improved uniformity of the current spreading 

in the smaller LEDs [133]. With the same injection of current density, the junction temperature 

in smaller pixels is substantially lower than that in larger pixels, due to larger nonequilibrium 

carrier thermalization and more serious current crowding effect in larger pixels [133, 538]. In 

larger pixels, the nonuniformity of the in-plane hole and electron concentrations is much larger, 

due to a more serious current crowding effect [133, 538], further leading to stronger local 

heating, larger electron overflow and enhanced local non-radiative recombination such as 

Auger recombination. In addition to the advantage of higher EQE obtained from smaller µm-

scale LEDs, it has also been observed that smaller µm-scale InGaN LEDs exhibit higher 

maximum endured current density (at an injection level of kA/cm2) [540]. The higher 

maximum operation current densities are attributed to lower junction temperature and more 

uniform current spreading [540]. Micro-scale InGaN-based LEDs show less temperature-

dependent decay at same current and thus exhibit more stable performance at high temperature 

than larger devices [529, 541, 542].  

Very recently, EQE in the range of 40.2-48.6% has been reported in µm-scale blue 

InGaN/GaN MQW LEDs by D. Hwang [536]. The dimensions of those µm-scale blue LEDs 

were 10×10, 20×20, 40×40, 60×60, 80×80 and 100×100 µm2, and the peak EQE varied with 

the LED lateral size [536]. The current density at the peak EQE, Jdroop, was in the range of  ~7.5-

26 A/cm2 and increased with decreasing LED lateral size [536]. Compared to larger µm-scale 

LEDs, smaller µm-scale LEDs suffered more from etching damage, but it exhibited better 

current spreading [536]. In D. Hwang’s study, high EQE was sustained when decreasing the 

LED lateral size [536] as the results of both more etching damage and better current spreading 

in smaller µm-scale LEDs. The detailed information of µm-scale LEDs reported by D. Hwang 
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[536] was shown in Appendix II. As a summary of size-dependent characteristics of InGaN-

based epilayer LEDs, smaller µm-scale InGaN LEDs exhibit better current spreading, higher 

maximum endured current density, more stable performance at high temperature, and wider 

droop-free regions in terms of current density. It is very promising to use GaN-based LEDs for 

manufacturing µm-scale color-tunable LED devices, in contrast to OLED technology which 

currently exhibit lower efficiencies at smaller device size.  

However, as shown in Figure 3-1 plotted based on various publications, the EQEs and 

luminous efficiencies of InGaN-based epilayer LEDs with size below ~ 40 µm are still lower 

than those of well-developed InGaN-based epilayer LEDs with size larger than ~ 40 µm [46-

50, 53, 162-168, 432-436, 543-545]. This may be due to the fabrication and synthesis processes 

of InGaN-based epilayer LEDs with size below ~ 40 µm are still in the initial development 

stage. In addition, more etching-induced defects in smaller devices are also responsible for the 

lower efficiencies measured from InGaN-based epilayer LEDs with size below ~ 40 µm. In 

contrast, the use of bottom-up GaN-based nanowires to make color-tunable LEDs avoid the 

etching process which is essential for creating µm-scale structures from III-nitride planar 

heterostructures exhibiting large defect density due to large lattice mismatch.  

There are very few reports of red µm-scale InGaN-based epilayer LEDs, and the 

performance of yellow and orange µm-scale InGaN-based epilayer LEDs are relatively poor. 

It can be noted that true-orange and true-red emitter with long emission wavelengths (> 590 

nm) cannot be realized by using InGaN/GaN QWs [546], due to the bottlenecks of growing In-

rich InGaN epilayers. The fabrication of yellow, orange and red µm-scale InGaN-based 

epilayer LEDs also involve the use of etching processes which introduce significant sidewall 

damage and thus further reduce the device efficiency. 
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                                       (a)                                                               (b) 

Figure 3-1: Summary of (a) EQE and (b) overall luminous efficacy (or luminous efficacy of a 

source) of InGaN-based epilayer LED versus the lateral device size according to published 

literatures [46-50, 53, 55, 162-168, 432-436, 536, 543-545]. For some literatures which did not 

provided EQE values directly [459], their EQE values are calculated from the given overall 

luminous efficacy using luminous efficacy of radiation function (CIE 1978 Judd−Vos-modified 

photopic eye sensitivity function) [437, 438]. For some literatures which did not provided 

overall luminous efficacy (lm/W) directly [530], their overall luminous efficacies are 

calculated from the given EQE values using luminous efficacy of radiation function (CIE 1978 

Judd−Vos-modified photopic eye sensitivity function) [437, 438]. A few publications reported 

lower EQEs and lower overall luminous efficacies than those of publications presented and 

cited in Figure 3-1. The detailed information of InGaN-based epilayer LEDs is listed in 

Appendix II. 

Figures 3-3 (a) and (b) summarize the EQE and the overall luminous efficacy of red-

emitting InGaAlP-based epilayer LED versus the lateral device size according to published 

literatures [547-552]. The detailed information of red-emitting InGaAlP-based epilayer LEDs 

is listed in Appendix III. As presented in the Appendix III and as shown in Figure 3-2 (a), 

the EQEs of 300×300 µm2 InGaAlP-based LEDs were measured to be 50.0% at the wavelength 

of 650 nm, 42.5% at the wavelength of 635 nm, and 23.0% at the wavelength of 598 nm [550]. 

In other words, red-emitting InGaAlP-based LEDs exhibit lower efficiency at the shorter 

wavelength, which is closer to the spectral range of “green gap”. This observation is consistent 
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with the “green gap” shown in Figure 1-2. In another study, InGaAlP/GaP truncated-inverted-

pyramid LEDs exhibit EQE in the range from ~ 17% to 55% depending on the emission 

wavelength, following the same trend that lower efficiency was measured at the shorter 

wavelength in the orange/red spectral range [553].  

 
                                   (a)                                                            (b) 

Figure 3-2: Summary of (a) EQE and (b) the overall luminous efficacy of red-emitting 

InGaAlP-based epilayer LED versus the lateral device size based on published literatures [547-

552]. For some literatures which did not provided EQE values directly, their EQE values are 

calculated from the given overall luminous efficacy using calculated luminous efficacy 

function of white light sources. For some literatures which did not provided overall luminous 

efficacy (lm/W) directly, their overall luminous efficacies are calculated from the given EQE 

values using luminous efficacy of radiation function (CIE 1978 Judd−Vos-modified photopic 

eye sensitivity function) [437, 438]. The detailed information of red-emitting InGaAlP-based 

epilayer LEDs is listed in Appendix III. 

There are very few reports of red-emitting InGaAlP-based epilayer LEDs with size below 

200 µm. In two recent reports, red-emitting InGaAlP-based epilayer LEDs with size of 80 µm 

[547] and 100 µm [548] exhibited the EQEs of ~ 0.175% and 2.3%, respectively. In contrast, 

efficient red-emitting GaN-based nanowires LED has been realized [250], and the shrink of 

nanowire-based LED device size is more flexible and viable. 

As shown in Table 3-1, various approaches have been developed to make multi-color III-

V-based hybrid LEDs to produce color-tunable light through light mixing [427, 452, 459, 554, 
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555]. In these multi-color III-V-based hybrid LEDs, µm-scale devices [427, 554] also exhibit 

lower luminous efficiencies and lower EQEs than those of mm-scale devices [452, 459, 555]. 

The performance of current µm-scale color-tunable LEDs, such as the efficiency [427, 452, 459, 

554, 555] and color-tunability [459], are ultimately limited by the performance of µm-scale 

monochromatic RGB LED light sources. It is very desirable to use nearly dislocation-free GaN-

based nanowires to make color-tunable LEDs. 

Table 3-1: Reports of multi-color III-V-based hybrid LEDs exhibiting different lateral size.  

Multi-color LEDs 

& Materials 

Overall Luminous Efficacy (lm/W) 

& External Quantum Efficiency (%) 

Lateral Size 

or Pixel 

Pitch (µm) 

First Author  

Year  

RGB microdisplay 

A pixel is a stacked 

RGB LED tower made 

by III-P and III-N 

materials 

0.193 lm/W & ~1.3%  

(20000 cd/m2) 

5-10 H. S. El-Ghoroury 

[427] 2015 

R. G. W. Brown 

[554] 2010 

 

Telescope-pixel-based 

display technique 

using RGB backlight. 

Overall backlight transmission 

efficiency of 36%. To calculate the 

overall efficiency, the efficiency of 

RGB source are needed. 

100 A. L. Pyayt [555] 

2008 

A stacked RGB LED 

tower through bonding 

an AlInGaP red LED 

an InGaN green LED, 

& an InGaN blue LED. 

20.19 lm/W & 5.94% 1000 Y. F. Cheung [459] 
2013 

A RGB LED chips  

an AlInGaP red LED 

an InGaN green LED, 

& an InGaN blue LED. 

32.78 lm/W & 9.64% 

 

2000 Y. F. Cheung [459] 
2013 

Color-by-blue 

emissive devices using  

blue InGaN LED 

backlight, and green 

and red phosphor. 

12.3% or more, depending on the 

efficiency of the used blue LED 

(generally over 60%); the total 

transmission efficiency of the color-

by-blue EC display is 20.5% 

5000 J. R. Oh [452] 

2011 

 

In this Chapter, we have developed a drastically different approach to achieve controllable 

and tunable full-color light generation through the monolithic integration of laterally-arranged 

RGB InGaN-based nanowire LEDs on Si substrate. Such high efficiency dislocation-free 

InGaN nanowire LEDs, with emission wavelengths in the range from ~ 450 nm to 700 nm, 

were grown in sequence using a three-step growth process by MBE. This approach enables 
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controlled light mixing at the chip level and yield color-tunable light emission with CCT values 

in the range from 1900 K to 6800 K, while maintaining excellent color rendering capability. It 

is envisioned that this approach will further increase LED applications including mood lighting 

and full-color displays. Moreover, such nanowire devices can be fabricated in the sub-micron 

or nanoscale and can be integrated with Si electronics for applications in displays, imaging, 

and biochemical sensing. 

3.2 Three-step Growth of Monolithic RGB Pixels on Si  

In this experiment, full-color nanowire LED arrays were grown on patterned SiOx/Si 

substrates using a three-step MBE growth process, wherein emission characteristics of the LED 

subpixels can be tuned from blue to red by controlling the compositions and sizes of the dots 

[119, 122, 250, 254]. The LED structure consists of one ~ 0.4 µm GaN:Si segment, ten 

vertically aligned InGaN/GaN dots, one ~ 10 nm p-doped AlGaN electron blocking layer 

(EBL), and one ~ 0.2 µm GaN:Mg segment. The growth temperature for GaN:Si and GaN:Mg 

segments was ~770 °C. Each InGaN/GaN dot consists of one ~ 3 nm InGaN and one ~ 3 nm 

GaN barrier layer.  

Illustrated in Figure 3-3 (a), a selectively patterned SiOx dielectric layer (~ 100 nm), with 

designed microscale openings, was first created on Si substrate by standard photolithography 

and etching techniques. In this study, the sizes of the openings were in the range of 300×300 

µm2, 100×100 µm2 and 50×50 µm2. Blue nanowire LEDs were first grown on the patterned 

substrate, shown in Figure 3-3 (b). It is important to notice that the nanowire growth takes place 

on the open Si area as well as on the SiOx mask [556]. The SiOx mask was selectively removed 

by buffered oxide etch (BOE) and the nanowires grown on the SiOx mask were removed 

together with the mask. As a result, after the wet etching, only blue nanowire subpixels grown 

directly on Si were left, illustrated in Figure 3-3 (c). A SiOx layer was then used to cover the 

blue LED nanowire subpixels formed on Si. Standard photolithography and wet etching 
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techniques were used to create additional opening apertures for the growth of the 2nd step 

(green/yellow) LED subpixels at desired locations, illustrated in Figures 3-4 (d) and (e). 

Subsequently, the 2nd step (green/yellow) and 3rd step (orange/red) LED subpixels were grown 

on patterned Si substrates using a similar process, shown in Figures 3-4 (f) and (g). Finally, 

illustrated in Figure 3-3 (h), the SiOx mask and nanowires on SiOx were removed to expose the 

three-step nanowire LED arrays. 

 

Figure 3-3: Illustrations of the three-step substrate preparation and epitaxial growth process in 

the present work. (a) A thin SiOx mask was created on Si substrate. (b) Blue nanowire LED 

structures were grown on the patterned substrate. (c) After the selective etching, only blue 

nanowire subpixels grown directly on Si were left. (d) After covering the blue subpixels with 

SiOx, the SiOx/Si substrate was patterned by a thin photoresist layer. (e) New opening apertures 

were created for the subsequent growth of green nanowire LED structures. (f) Green nanowire 

LED structures were grown on the patterned substrate. (g) The blue and green subpixels were 

covered with SiOx, and red nanowire LED structures were grown. (h) RGB nanowire LED 

arrays formed on Si after the selective etching by using BOE solution.  

The growth temperatures for InGaN/GaN quantum dots were 690 °C, 650 °C, and 600 °C 

in the 1st, 2nd, and 3rd growth steps, in order to achieve blue, green/yellow, and orange/red 

emissions, respectively. It is important to notice that the RGB devices are positioned next to 

each other, thereby leading to seamless integration and light mixing of multi-color LEDs. 
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Figure 3-4: SEM images of (a) InGaN/GaN red-emitting nanowires grown on Si in the 3rd 

epitaxy step and (b) InGaN/GaN nanowires formed near the boundary between SiOx mask and 

open Si area. (c) Optical microscope image of multi-color nanowire LED arrays grown using 

three-step MBE process after the removal of the SiOx mask. The blue, green/yellow, and 

orange/red-emitting nanowire LEDs grown in the 1st, 2nd, and 3rd step are denoted as 1, 2, and 

3, respectively.  

Detailed structural studies further confirm that nanowire LED arrays grown in the three-

step process exhibit high size uniformity. Their structural and optical properties were nearly 

identical to those grown directly on Si substrate. Shown in Figure 3-4 (a) is the SEM image of 

InGaN/GaN red-emitting nanowires grown in the 3rd epitaxy step. The resulting nanowire 

arrays exhibit high density (~ 1.5×1010 cm-2). As mentioned above, nanowires are formed both 

on Si and SiOx in the three-step growth process, which can be clearly observed in Figure 3-4 

(b). Figure 3-4 (c) shows the optical image of three-step nanowire LED subpixels on Si 

substrate after SiOx removal, which exhibit slightly different color contrast. The three-step 

arrays were sorted in this order as illustrated so that they were close enough for the formation 

of triple-color pixels to yield good light mixing. It is important to notice in Figure 3-4 (c) that 

the number below each LED square corresponds to the step number in the three-step growth. 

3.3 Photoluminescence and Electroluminescence of Monolithic RGB Pixels  

InGaN/GaN dot-in-a-wire LED heterostructures exhibit strong PL emission at room-

temperature. Three growths (three steps) differed in the growth conditions, resulting in 

different InGaN compositions and different PL emissions in three steps. Shown in the Figure 
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3-5 (a), tunable PL emissions across the entire visible spectral range (~ 450 nm to 700 nm) can 

be achieved on a single Si wafer. Moreover, for each growth step, the peak position and spectral 

linewidth of the PL emission, e.g., the green and yellow PL spectra obtained in the 2nd step, 

and the orange and red spectra in the 3rd step shown in Figure 3-5 (a), can be further engineered 

by varying the growth conditions, thereby providing a great level of flexibility in tuning the 

emission color of the integrated LED arrays. 

 

(a)                                                        (b) 

Figure 3-5: (a) Normalized PL spectra of multi-color nanowire LED subpixels monolithically 

grown on Si substrate measured at room temperature. (b) Schematic of multi-color nanowire 

LED devices on the same chip. The thickness of each layer is not drawn to scale.  

Subsequently, nanowire LED devices with areal sizes of 300×300 µm2, 100×100 µm2 and 

50×50 µm2 were fabricated. In the fabrication process, a polyimide resist layer was spin-coated 

onto the nanowires for planarization, followed by O2 dry etching to expose the GaN:Mg region 

at the top of the nanowires. Ni (5 nm)/Au (5 nm)/indium tin oxide (100 nm) layers and Ti (20 

nm)/Au (100 nm) layers were deposited on GaN:Mg and the backside of the Si substrate to 

form p- and n- contacts, respectively. After appropriate contact annealing, metal grid patterns 

were deposited on the device surface to facilitate carrier spreading. The fabricated nanowire 

LED arrays are schematically shown in Figure 3-5 (b). The detailed device fabrication process 

and device structure were described elsewhere. [119, 254] 

The multi-color nanowire LEDs grown on Si substrate exhibit excellent current-voltage 

characteristics. Illustrated in Figure 3-6 (a) are representative I-V curves of red, yellow and 
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green-emitting devices, which have negligible leakage current under reverse bias. The EL 

spectra for devices grown at different steps are shown in Figure 3-6 (b), which span from ~ 450 

nm to 700 nm. It is worthwhile mentioning that nanowire LEDs generally exhibit some degree 

of nonuniform emission under electrical injection [104], which is primarily due to insufficient 

current spreading, nonuniform surface planarization, and variations in the nanowire diameters.  

              
                                 (a)                                                                    (b) 

Figure 3-6: (a) Current-voltage characteristics of 300×300 µm2 LED subpixels with red, 

yellow and green emissions. (b) Normalized EL spectra of nanowire LED subpixels 

monolithically integrated on Si substrate. The corresponding optical images are shown in the 

inset. 

3.4 High CRI and Tunable CCT Achieved through Light Mixing 

Shown in Figure 3-7 (a), relatively light output powers of blue, green, yellow, orange and 

red-emitting devices were measured under various injection currents (1% duty cycle pulsed 

biasing). It is worthwhile mentioning that the peak wavelengths for LEDs grown at each step 

can be further tuned by varying the growth conditions, which can lead to full-color LED chips 

tailored for specific applications. Moreover, each single LED device can exhibit a broad 

spectrum, due to variations of In compositions in the dots [467], which can enable a phosphor-

free orange, red, or even white light emission with a relatively high CRI.  
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                                         (a)                                                        (b) 

Figure 3-7: (a) Relative light power of blue, green, yellow, orange and red-emitting LED 

subpixels under various injection currents up to 800 mA (1% duty cycle pulsed biasing) at 

room-temperature. (b) The output spectra of a representative triple-color LED pixel with three 

300×300 µm2 devices independently biased at various CW injection current, showing the wide 

range of tunability. A triple-color LED pixel is shown in the inset. 

In this study, each full-color LED pixel consists of three multi-color subpixels, shown in 

the inset of Figure 3-7 (b), which can be separately biased and exhibit emission in the blue, 

green/yellow, and orange/red spectral range. Consequently, light mixing at the chip level can 

be readily achieved. More importantly, by varying the injection current to each LED subpixel, 

the spectral power density and the CCT can be controllably tuned. The output spectra of a 

representative triple-color LED pixel consisting of blue, green and orange/red subpixels are 

shown in Figure 3-7 (b). It is seen that by adding green and orange/red light components, the 

CCT can be varied from ~ 6500 to 3800 K. For the operation at CCT of 3826 K, the CRI can 

be as high as 90.7. The injection currents measured for these emission characteristics are shown 

in Table 3-2. Also included in the Table 3-2 are the relative external quantum efficiencies 

(REQEs) of blue, green and orange/red-emitting subpixels measured under these injection 

currents; the REQE was derived by dividing the integrated light intensity (in arbitrary units) 

by the corresponding injection current. It is worth noting that the REQE of blue subpixel under 

85 mA CW injection current is defined as 100%. Such a wide tuning range can be achieved at 

various output power levels. 
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Table 3-2: Injection current and relative EQE measured for different LED pixels with different 

CCT(CRI)s.  

 Blue Subpixel  Green Subpixel 
 

Orange/red Subpixel 

CCT(CRI) I (mA) REQE  I (mA) REQE I (mA) REQE 

3826 K (90.7) 20 77.3%  35 56.1%  140 32.1% 

4668 K (87.2) 20 77.3%  65 77.3%  130 32.0% 

5210 K (70.8) 60 90.4%  100 84.4%  75 31.8% 

5606 K (76.1) 30 77.6%  18 42.0%  45 19.7% 

6171 K (71.3) 

6527 K (65.6) 

35 

85 

77.9%  35 

95 

56.1% 

83.9% 
 

90 

78 

31.9% 

31.8% 100% 

  

 

                                   (a)                                                        (b)                                           

Figure 3-8: (a) CCT and CRI values of the emission measured from three triple-color LED 

pixels. The inset shows the corresponding locations in the CIE chromaticity diagram. (b) 

Normalized spectral power distribution of representative triple-color LED pixels with high 

CRI. 

Figure 3-8 (a) shows the summary of the emission characteristics of three different triple-

color LED pixels, which were grown at different conditions. It is observed that the CCT values 

can be varied from ~1900 K to 6800 K. Very large CRI values (> 85) can be achieved for 

devices with warm and neutral white light emissions (CCT < 5000 K). The output 

characteristics of these devices are further shown in the CIE chromaticity diagram, illustrated 

in the inset of Figure 3-8 (a). The spectral power distributions of representative high-CRI triple-

color LED pixels are shown in Figure 3-8 (b).  
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3.5 Summary 

In summary, a drastically different approach has been developed in this work to achieve 

controllable and tunable emission through the monolithic integration of full-color InGaN/GaN 

dot-in-a-wire multi-color LEDs directly on Si substrate, after extensive efforts on the 

optimization for growth parameter and fabrication processes. Such laterally arranged nanowire 

LED pixels yield color temperatures from ~ 1900 K to 6800 K, while maintaining excellent 

color rendering capability. Importantly, such wide color tunability as well as high color 

rendering index can be repeated on many color-tunable nanowire chips. This approach 

overcomes the manufacturing complexity and the overall luminous efficacy and light quality 

tradeoff associated with conventional phosphor-based LEDs and will further enable a broad 

range of applications including mood lighting and full-color displays. Moreover, such 

nanowire devices can be fabricated in the sub-micron or nanoscale and can be integrated with 

Si electronics for applications in projection displays, imaging, and biochemical sensing. 

One disadvantage of Si substrate for this application is the light absorption. For practical 

device applications, the underlying Si substrate can be selectively removed by wet chemical 

etching process. For enhanced light extraction and more effective thermal management, 

nanowire LEDs grown on SiO2/Si substrates can be transferred to Cu substrate [272, 557], or 

a reflective metal layer can be grown on Si substrates [558-562]. It is also promising to develop 

three-step spontaneously grown InGaN/AlGaN core-shell color-tunable nanowire LED arrays 

on Si substrates to reduce the surface recombination and enhance the carrier injection efficiency 

[254]. 

 

 

 

 



 

87 

 

 

Chapter 4: Micro-scale and Nano-scale Color-Tunable Pixels Using Full-Color 

InGaN Nanowires Selective-Area Grown on GaN/sapphire Substrates 

4.1 Introduction 

The demanding applications, especially the display applications such as three-dimensional 

(3D) projection display, high-resolution flat-panel displays, flexible display, and near-to-eye 

displays also known as virtual retinal display [563-568], requires the miniaturization of color-

tunable solid-state light sources, which can be realized by using RGB nanowire LEDs 

monolithically integrated over a single chip.  

    

                   (a)                                (b)                                (c)                               (d) 

Figure 4-1: (a) Top-view SEM image of µm-scale LED array arranged in an S shape, and the 

µm-scale LEDs were made by using spontaneously grown InGaN/GaN nanowires. (b) Top-

view SEM image of LED array arranged in a periodicity of 20 µm to form an S shape shown 

in (a), and the nanowire LED is a 5×5 µm2 square device. The inset is an optical microscopy 

image of an S-shape LED array exhibiting amber EL. Top-view optical microscopy images of 

(c) face-shape LED arrays exhibiting yellow EL and (d) face-shape LED arrays exhibiting 

multi-color EL. 

In the Chapter 3, through the monolithic integration of blue, green/yellow, and orange/red 

InGaN nanowire LEDs (λ: ~ 450 nm to 700 nm), controllable and tunable light generation has 

been achieved directly on Si substrate using a three-step SiOx-mask selective-area MBE growth 

process. However, this approach requires three growth processes to integrate nanowires with 

three different compositions on the same substrates. A single growth of spontaneously grown 

nanowires can only emit single-color light, as shown in Figure 4-1 (c). The single-color µm-
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scale LED array shown in Figure 4-1 was made by arranging µm-scale LEDs into different 

shape, as shown in Figures 4-1 (a) and (b).  Each µm-scale LED consists of a few thousand 

spontaneously grown InGaN/GaN nanowires. The fluctuations in nanowire length, diameter 

and position is another challenge for spontaneously grown nanowires, which may result in 

multi-color emission and broad EL over a small area. As shown in Figure 4-1 (d), the µm-scale 

LED array exhibits multi-color emission from different LED devices, due to the large 

fluctuations in InGaN composition and non-uniform current injection. This shows that it is 

difficult to precisely control the emission color of µm-scale LED made using spontaneously 

grown nanowire heterostructures. White LEDs can be made using the spontaneously grown 

nanowire exhibiting extremely large fluctuations in nanowire length, diameter and position 

[463]. However, the fluctuations in nanowire length, diameter and position is detrimental to 

make color-tunable LED pixels. 

In Chapter 3, the smallest RGB pixel size (~ 0.016 mm2) has been achieved with LED 

areal sizes of 50×50 µm2. It is expected that the RGB pixel size can be further reduced to a few 

µm and sub-µm scale by introduction of high-resolution lithography techniques such as EBL. 

To obtain high luminous efficiency and fine control of the emission color of RGB nanowire 

LEDs, selective area epitaxy technique of InGaN/GaN nanocolumns has been recently 

developed by using MBE [399]. Due to the beam shadowing effect of the neighboring 

nanocolumns, the emission color of InGaN/GaN nanocolumn changes from blue to red with 

increasing diameter [105]. The selective area epitaxy technique enables a precise tuning of 

alloy compositions over the same substrate. Such compositional variations can be ideally 

introduced in a single growth process. 

The Ti-mask selective area epitaxy has been introduced in sections 2.1.3, 2.1.4 and 2.4.2. 

In this chapter, by using Ti-mask selective area epitaxy, the progress in epitaxy of full-color 

InGaN nanowire array on the same GaN/sapphire substrate will be discussed. Based on that, 
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using the same approach, the color-tunable pixels with the size of a few µm and sub-µm scale 

have been achieved on single GaN/sapphire substrates. In these color-tunable devices 

monolithically integrated on single chips, a nanowire LED made using single or a few nanowire 

heterostructures is considered as one monochromatic LED subpixel.  

4.2 The Effects of Growth Parameters on the Size and Length of GaN Nanowires 

The growth conditions largely affect the sticking coefficients, diffusion lengths and 

desorption rates of the metal adatoms on the substrates. Therefore, selectivity and formation of 

GaN nanowires depend on the growth parameters such as N2 flow rate, Ga/N ratio and growth 

temperature [405, 569, 570]. Ga beam equivalent pressure (BEP) plays a major role in 

determining nanowire diameter and growth rate [569]. Additionally, for a given values of Ga 

BEP and N2 flow rate, the growth temperature is also an important parameter to control the 

formation of selective-area grown GaN nanowires [569]. At a relatively low growth 

temperature in the window of optimum growth parameters, Ga adatoms has a short diffusion 

length, contributing more to lateral growth. At a relatively high growth temperature in the 

parameter window, the Ga adatoms has a relatively long diffusion length which makes Ga 

adatoms possible to reach the growth front at the top of nanowires, resulting in a larger vertical 

growth rate. As a conclusion, the nanowire size and the spacing (the gap between neighboring 

nanowires) can also be controlled by varying the growth parameters, besides varying the 

patterning design of Ti mask.  

4.3 The Effect of Nanowire Size and Array Spacing on Photoluminescence  

Using a single growth process in GEN-IITM MBE, full-color InGaN/GaN nanowire arrays 

have been monolithically grown on the same GaN/sapphire wafer. Prior to the growth, a thin 

(~ 10 nm) Ti layer was utilized as the mask, and nanohole-array patterns with various diameter 

and array periodicity were defined by using EBL on the Ti layer.  In the growth, first, Si-doped 

n-type GaN segment (~ 420 nm in height) were grown for 3 h at 915 °C. Subsequently, a six-
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pair InGaN (3 nm)/GaN (3 nm) active region was grown at 670 °C; and a Mg-doped p-type 

GaN layer (~ 250 nm in height) was grown at 915°C, following the growth of active region. 

The growth conditions for the active region include BEPIn of 2.05×10-7 Torr, and BEPGa of 

4.31×10-8 Torr. The N2 flow rate used for the growth of GaN and InGaN-based active region 

was 0.33 sccm and 1 sccm, repectively. 

The effects of nanowire diameter and spacing on the tuning of the emission wavelengths 

of InGaN/GaN nanowire array have been investigated. PL emission of nanowire array was 

measured using a micro-PL measurement system at room-temperature with a 405 nm laser as 

the excitation source. Shown in Figures 4-3 (a) and (b), by varying the nanowire diameters and 

array periodicity, multi-color emissions across nearly the entire visible spectral range can be 

achieved in a single molecular epitaxial growth step by using selective area epitaxy.  

Similar results was reported previously [105]. It was reported that double-peak emission 

was observed from ~ 480 nm to ~ 550 nm, the growth mechanism of which remains unclear 

and requires further study [105]. In our study, single-peak emission was achieved in nearly the 

entire visible wavelength range, which enable more precise and wider color tunability of light 

mixing. Shown in Figure 4-3 (b), the PL emission of nanowire array with diameters varying 

from ~ 90 nm to 500 nm covers the entire visible wavelength range. It is worthwhile mentioning 

that double-peak emission was observed for the nanowire array with diameter of 500 nm. H. 

Sekiguchi et al. speculated that long-wavelength peak originated from the sixfold side faces of 

InGaN/GaN active region and the shorter one from angle areas of InGaN/GaN pyramids [255]. 

This double-peak emission might be also due to interdiffusion between InGaN and GaN layers. 

The PL emissions of selective-area grown InGaN/GaN nanowire array (in the wavelength 

range from ~ 490 nm to 610 nm) exhibits full-width-at-half-maximum (FWHM) of 35-45 nm, 

which are much narrower than that of spontaneously formed InGaN/GaN nanowire arrays 

[533], due to more uniform nanowire size and In distribution as well as better crystal quality. 
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The PL peak intensity of selective-area grown green-emitting ten-pair InGaN/GaN nanowire 

array was measured to be ~ 36.7 times higher than that of the reported ten-pair InGaN/AlGaN 

nanowire array spontaneously grown on Si substrate. Top-view and side-view SEM images of 

representative nanowire array with different diameters are shown in Figure 4-2.  

 

                        (a)                                            (b)                                              (c)  

 

                        (d)                                            (e)                                              (f)  

Figure 4-2: Top-view SEM images of LED arrays consisting of nanowires with (a) 90 nm, (b) 

260 nm and (c) 500 nm in diameter. Side-view SEM images of LED array consisting of 

nanowires with (d) 90 nm, (e) 260 nm and (f) 500 nm in diameter. 

In the single MBE growth, two groups of nanowire array with the spacing of 56 nm and 

72 nm were grown on the same substrate. Illustrated in Figure 4-3 (c) is the variations of PL 

peak emission wavelength with respect to nanowire diameter for InGaN/GaN nanowire arrays 

grown with two different spacings. Here, the term “spacing” is used to represent the gap 

between outer surfaces of two adjacent nanowires, instead of center-to-center spacing used as 

an array lattice constant. Because the growth mechanism is closely related to the gap between 

the lateral surfaces of neighboring nanowire. Center-to-center spacing, which is called as 

periodicity in this dissertation, is important for the study on photonic properties of nanowire 

arrays such as photonic crystal effect. Samples in Group 1, denoted as blue dot in Figure 4-3 

(c), have a spacing of 56 nm and diameters in the range of 130 to 260 nm, corresponding to the 

PL spectra shown in Figure 4-3 (a). Samples in Group 2, denoted as red dot in Figure 4-3 (c), 
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have an average spacing of 72 nm and diameters in the range of 90 to 500 nm, corresponding 

to the PL spectra shown in Figure 4-3 (b). Tunable-color emissions can be achieved by varying 

the nanowire diameter in each group of nanowire arrays, which are shown in Figures 4-3 (a) 

and (b).  

 

                         (a)                                         (b)                                               (c)  

Figure 4-3: Normalized PL spectra of InGaN/GaN nanowire arrays (a) with nanowire 

diameters of 133 nm, 141 nm, 166 nm, 177 nm and 252 nm while keeping a constant spacing 

of 56 nm, and (b) with nanowire diameters of 90 nm, 130 nm, 159 nm, 175 nm, 196 nm, 260 

nm and 500 nm while keeping a constant spacing of 72 nm. (c) Peak emission wavelength 

versus nanowire diameter with a spacing of 56 nm (blue) and 72 nm (red).  

It was observed in the experiment conducted by H. Sekiguchi et al. that the PL peak 

emission wavelength showed a redshift with increasing nanowire diameter (decreasing 

nanowire spacing) [105, 487]. In this study, it is seen that the PL emission wavelength also 

shows a consistent redshift with increasing diameter, which is achieved, however, by keeping 

the nanowire spacing constant. In this study, the way to change nanowire diameter is different 

from that in the experiment conducted by H. Sekiguchi et al. [105], illustrated in Figure 4-4.  

Ga and In atoms incorporation at the nanowire growth front is supplied through two 

pathways, including impingent atoms as well as atoms diffused along the lateral sides of 

nanowires. Considering the nanowire spacing is constant, on the nanowire top surface, the ratio 

of Ga atoms diffused from the lateral sides to the directly impingent Ga atoms is approximately 

proportional to L/D, where L and D are the diffusion length of Ga atoms and the nanowire 
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diameter, respectively. It is therefore evident that the incorporation of Ga atoms into the active 

region is reduced with increasing nanowire diameter, thereby leading to a reduced Ga 

composition and hence a redshift in the PL emission wavelength. In this analysis it is assumed 

that In incorporation at the growth front has a small, or negligible dependence on the nanowire 

diameter, which can be justified by the significantly smaller diffusion length of In atoms 

compared to that of Ga atoms at relatively high growth temperatures [105].  

 

                                                 (a)                                   (b) 

Figure 4-4: (a) Variations in nanowire diameter in the experiment conducted by H. Sekiguchi 

et al. [105]. With a constant array periodicity, nanowire diameter increases from blue hexagon 

to red hexagon, but nanowire spacing decrease at the same time. (b) Variations in nanowire 

diameter in this study. With a constant nanowire spacing, nanowire diameter increases from 

blue hexagon to red hexagon, and array periodicity increase at the same time. 

In addition, the PL emission wavelength for samples in Group 1 shows a small redshift (~ 

5-13 nm), compared to that for samples in Group 2 with the same nanowire diameters, shown 

in Figure 4-2 (c). The small redshift with decreasing nanowire spacing is due to the beam 

shadowing effect that leads to reduced Ga incorporation in the nanowire growth front.  

4.4 Micro-Scale Color-Tunable Nanowire Pixels on GaN/Sapphire 

The color-tunable pixel size of InGaN/GaN nanowire LEDs can be reduced to micro scale 

or smaller using the Ti-mask SAG technique. These nano-scale LEDs are well suited for high-

resolution display and imaging applications. We have developed 2.8×2.8 µm2 multi-color 

nanowire subpixels selective-area grown on GaN/sapphire substrate. The LED structure 

consists of a GaN:Si segment, ten InGaN/GaN, and a GaN:Mg segment. Each InGaN/GaN 

Spacing

Spacing Spacing

Spacing
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consists of 3 nm InGaN and is capped by 3 nm GaN barrier layer. The emission characteristics 

of nanowire LED subpixel can be controllably varied by changing the diameters of nanowires 

on the same substrate. Shown in Figure 4-5 (a), four subpixels with different nanowire 

diameters were integrated into one pixel for color-tunable light mixing.  

 

                               (a)                                                               (b) 

Figure 4-5: (a) Bird’s-eye-view SEM image of a multi-color nanowire pixel consisting of four 

2.8×2.8 µm2 InGaN/GaN nanowire LED subpixels, wherein the nanowire diameters are ~ 170 

nm, 295 nm, 401 nm and 620 nm, respectively. (b) Schematic of one nanowire LED subpixel 

fabricated on GaN/sapphire substrate. The thickness of each layer is not drawn to scale. 

In the fabrication process of selective-area grown nanowire arrays, a polyimide resist layer 

was spin-coated onto the nanowire array for planarization, followed by O2 dry etching to 

expose the GaN:Mg region at the top of the nanowires. Ni (5 nm)/Au (5 nm)/ITO (100 nm) 

layers and Ti (20 nm)/Au (100 nm) layers were deposited to form p- and n-contacts, 

respectively. The n-contact was deposited at the lateral side of nanowire array. The schematic 

of one fabricated nanowire LED subpixel is shown in Figure 4-5 (b). It is worthwhile 

mentioning that the process of transferring nanowire LEDs from sapphire substrates to flexible 

substrates have been realized by using laser liftoff process [75, 571, 572] on the fabricated LED 

devices consisting of nanowire arrays selective-area grown on GaN/sapphire substrates.  

Illustrated in Figure 4-6 (a), 2.8×2.8 µm2 multi-color nanowire LED subpixels were 

laterally arranged on the same substrate. By separately biasing such lateral-arranged LED 
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subpixels, the CCT value can be varied by tailoring the spectral power distributions of the 

multi-color LED pixels. The LED subpixels exhibit different EL emissions covering the 

spectral range from ~ 450 nm to ~ 610 nm, as shown in Figure 4-6 (b). Such a color-tunable 

pixel size is 7×7 µm2, which is smaller than the smallest pixel size (~ 45 µm) used in the stat-

of-the-art “WQHD Super AMOLED” [6-8].  

 

                                        (a)                                                                       (b) 

Figure 4-6: (a) Schematic of a color-tunable nanowire LED pixel selective-area grown on 

GaN/sapphire substrate. The thickness of each layer is not drawn to scale. (b) EL spectra of 

four InGaN/GaN LED subpixels on the GaN/sapphire substrate. Four nanowire arrays with 

nanowire diameter (D) of 170 nm, 295 nm, 401 nm and 620 nm are four subpixels with different 

color emissions.  

4.5 Nano-Scale Color-Tunable Pixels Using Single Nanowires on GaN/sapphire 

The color-tunable pixel size can be further reduced to nano scale by using full-color single 

nanowires as subpixels. We have developed, for the first time, the world’s smallest color-

tunable pixel size, high performance full-color InGaN/GaN single nanowire LED arrays 

optimized for ultra-fine projection displays by only one step epitaxial growth process using 

SAE technique. Compared to conventional GaN-based planar LEDs and organic LEDs, these 

single nanowire LEDs exhibited much better performance, including high light extraction 

efficiency, precisely tunable color emission, low cost, higher integration density, and much less 

power consumption. Moreover, this is the first demonstration on monolithic integration of full-
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color single nanowire LEDs on the same substrate. The method used to make µm-scale color-

tunable nanowire arrays, takes advantage of shadowing effect of neighboring nanowires to alter 

the InGaN composition [104], as presented in section 4.3. To date, however, little is known 

about the mechanism on how to controllably vary the alloy compositions at the single nanowire 

level without changing the global growth parameters. The monolithic integration of multi-color, 

single nanowire LEDs on the same chip has thus remained elusive. In our experiments, it was 

observed that the position, size, and composition of InGaN quantum dots depend critically on 

the nanowire diameter. Full-color emissions have been achieved on the same substrate by 

varying the nanowire diameter of single nanowires. Single nanowire LED subpixels, with 

emission characteristics of red, green, blue and orange (RGBO), have been realized on a single 

chip with nanowire diameter in the range from 215 to 630 nm and single nanowire exhibit 

excellent electrical properties. 

4.6 The Pattern Preparation and Selective Area Epitaxy of Single Nanowires 

In this work, single InGaN nanowires of various sizes have been fabricated on the same 

substrate by selective area epitaxy using MBE. The epitaxy takes place on an GaN/sapphire 

substrate with a thin Ti layer (10 nm) being employed as the growth mask [399, 405]. Opening 

sizes in the range of 80 nm to 1.9 µm were created on the Ti mask by using EBL and RIE, 

leading to a precise control of the nanowire diameter.  

Schematically shown in Figure 4-7 (a), each nanowire consists of ~ 0.35 µm n-GaN, five 

InGaN/GaN QDs and ~ 0.15 µm p-GaN capping layer. These nanowires were grown using a 

Veeco GENxplorTM MBE system. The growth conditions include a substrate temperature of 

1030 C and a Ga beam equivalent pressure (BEP) of 3×10-7 torr for the n-GaN segment. The 

substrate temperature was reduced to 795 C, 810 C and 825 C for the growth of InGaN/GaN 

QD active regions in Samples I, II, and III, respectively. The growth temperature mentioned 

here refers to the thermocouple reading on the backside (coated with molybdenum and titanium) 
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of the sapphire substrate. In and Ga BEPs in the ranges of 1.2-1.5×10-7 torr and 5-7×10-9 torr 

were used for the growth of the QD active regions. Lastly, the p-GaN capping layer used a 

substrate temperature of 1030 C, with a Ga BEP of 3×10-7 torr and a Mg BEP of 2×10-9 torr.  

 

Figure 4-7: (a) Schematic of a single InGaN/GaN dot-in-nanowire structure grown on GaN/ 

sapphire substrate. (b) 30° tilted SEM image of single InGaN/GaN nanowires with various 

diameters. (c) The peak emission wavelength of single InGaN/GaN nanowires versus nanowire 

diameter with the quantum dot active regions grown at 795 ºC (Sample I), 810 ºC (Sample II), 

and 825 ºC (Sample III). (d) Normalized PL spectra of InGaN/GaN dot-in-nanowire structures 

in Sample II with different diameters (D) measured at room-temperature, showing a blueshift 

in the emission peak with increasing nanowire diameter. 

Figure 4-7 (b) shows the field-emission SEM image of the single nanowire structures 

grown with various diameters. The nanowires exhibit near-perfect hexagonal morphology and 

possess Ga-polarity [573]. 

4.7 Diameter-Dependent PL of Single Nanowires and the Underlying Mechanism  

PL emission for single InGaN/GaN nanowires was measured using a micro-PL 

measurement system at room-temperature with a 405 nm laser as the excitation source. 
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Variations of the peak emission wavelengths versus nanowire diameters are shown in Figure 

4-7 (c). Nanowires in each group were grown on the same substrate with identical epitaxy 

conditions, except that their lateral size (also referred as diameters in the subsequent text) was 

varied in the range from 150 nm to ~ 2 µm. Intriguingly, it is seen that the optical emission 

shows a consistent blueshift with increasing nanowire diameter under identical epitaxy 

conditions. Taking nanowires in Sample II as an example, the emission wavelengths can be 

continuously varied from 640 nm to 465 nm by increasing the nanowire diameters from 150 

nm to 2 µm with identical epitaxy conditions. Similar trend is also observed for nanowires in 

Sample I and Sample III, though the tuning range is less broad due to variations in the growth 

conditions. The PL emission spectra for nanowires with different diameters are further shown 

in Figure 4-7 (d).  

 

Figure 4-8: Schematic illustrations of the adatom incorporation at the nanowire growth front 

due to both direct impingement and lateral diffusion (left), the significant contribution of In 

adatom incorporation due to lateral diffusion for small diameter nanowires (center), and the 

reduced indium incorporation from lateral diffusion for large diameter nanowires (right). 

The unique size-dependent optical emission from single nanowires has not been reported 

previously in catalyst-assisted or spontaneously formed InGaN nanowire arrays. The 

underlying mechanism is directly related to the diameter-dependent incorporation of In atoms 
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at the nanowire growth front. Illustrated in Figure 4-8, compared to the conventional planar 

epitaxy, the adatom incorporation in single nanowire epitaxy consists of directly impingent 

adatoms as well as adatoms migrated from the lateral surfaces. 

Under relatively high growth temperatures, Ga adatoms have much larger diffusion lengths 

(~ 1 µm) than In adatoms (~ 100 nm), with the latter limited by thermal desorption [255]. Since 

the Ga diffusion length is comparable to, or larger than the nanowire diameters, it is expected 

that the Ga adatom incorporation shows a small, or negligible dependence on nanowire size. 

However, significantly reduced In incorporation is expected with increasing nanowire diameter, 

due the reduced In adatom incorporation from lateral diffusion. As a consequence, in a single 

epitaxy step, InGaN nanowires with larger diameters will have reduced In incorporation and 

therefore shorter emission wavelength, shown in Figures 4-7 (c) and Figure 4-7 (d). As the 

diameter increases, the role of direct impingent In atoms does not lead to an increased In-

content (ratio in InGaN), since the In BEP is same. In contrast to that, as the diameter increases, 

the reduced In adatoms incorporation from lateral diffusion results in a reduced In-content, 

even though the role of In diffusion current is reduced. It shows that, in the single nanowire 

epitaxy, the variation of In-content is independent on the directly impingent In atoms, but only 

dependent on the variation of In atoms diffusing from lateral surface. This composition-tuning 

mechanism of selective-area grown single nanowires will be justified by STEM 

characterizations in section 4.8. 

These results are distinctly different from those of InGaN/GaN nanowire array grown by 

using selective area epitaxy technique. As discussed in section 4.3, InGaN/GaN nanowire array 

showed a redshift in emission with increasing nanowire diameter but a consistent spacing, due 

to the shadowing effect of neighboring nanowires in arrays with high packing density. Shown 

in Figure 4-2 (c), a consistent redshift with decreasing nanowire spacing was observed due to 

the reduced Ga incorporation related to the beam shadowing effect. Such beam shadowing 
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effect, however, is not present for single nanowire epitaxy.    

4.8 STEM Characterizations and Diameter-Dependent Formation of Quantum Dots  

 

 

 

Figure 4-9: (a) A STEM-HAADF image for InGaN/GaN dot-in-nanowire structures with 

different diameters grown on GaN/sapphire substrate along <11-20> zone-axis. The active 

regions of nanowires with diameters of ~ 320 nm, ~ 420 nm, ~ 500 nm and ~ 595 nm are 

labelled as A, B, C, and D, respectively. (b) High-resolution STEM-EELS maps of the In-

distribution of active regions A, B, C, and D normalized to the sample thickness. Line profiles 

were integrated along areas as marked by the dashed red line in each active region. (c) 

Elemental profiles of relative In-content derived from EELS analysis along line 1 in active 

region A, line 2 in active region B, line 3 in active region C, and line 4 in active region D, 

showing higher In-content in smaller diameter wires. 

In order to identify the correlation between composition and structure of InGaN/GaN QDs 

active region associated with the nanowire sizes, extensive structural characterizations have 

been performed by aberration-corrected STEM using an FEI Titan Cubed 80-300 STEM 

operated at 200 kV. A cross-sectional sample of nanowire arrays with different diameters was 

prepared by focused ion beam (FIB) in a single lift-out, milling at 30 kV using a Zeiss NVision 
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40 dual-beam system with deposited Pt and C as protection layer, and a final polish at 5 kV. 

The results further reveal the nature and growth mechanism of InGaN/GaN QD nanowires with 

different diameters.  

The high-angle annular dark-field (HAADF) atomic-number contrast images of different 

diameter nanowires grown on the same substrate are shown in Figure 4-9 (a). The high-

resolution elemental mapping of In element using electron energy-loss spectroscopy (EELS) 

[574] of active regions in each nanowire, labelled with A, B, C, and D, are shown in Figure 4-

9 (b). The In-distribution maps (and subsequent line profiles) have been normalized to the TEM 

cross-section thickness, which is approximately the same across the different diameter 

nanowires. In these In-distribution maps, the bright regions are rich in In element, while dark 

regions are In-deficient or In-free (n-GaN region at the bottom and p-GaN at the top of 

nanowires). InGaN QDs present clearly at the center of nanowires, shown in active regions A 

and B, and are vertically aligned along the c-axis. With increasing nanowire diameter, instead 

of the formation of InGaN QDs at the center of nanowires, InGaN accumulates at the semi-

polar planes of nanowires, shown in active regions C and D. Shown in active regions of A, B, 

C, and D, the larger the nanowire diameter, the more InGaN is distributed at the semi-polar 

planes compared to the center of nanowire (the top of n-GaN). These observations clearly 

indicate that In incorporation at the nanowire top surface shows strong dependence on nanowire 

diameter. The structural analysis provides unambiguous evidence for the above hypothesis that 

In incorporation at the nanowire top during the growth of InGaN/GaN active region is hindered 

with increasing nanowire diameters due to the small diffusion length of In adatoms. 

Additionally, the accumulation of InGaN in larger diameter nanowires (such as active region 

C and D) towards the outer diameters on the semi-polar planes further suggests that In 

incorporation is largely dominated by In-adatom supplied from lateral diffusion.  
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The two-dimensional EELS maps were analyzed along line 1 in active region A, line 2 in 

active region B, line 3 in active region C, and line 4 in active region D. The line profiles of In-

content derived from EELS analysis are summarized in Figure 4-9 (c). With increasing 

nanowire diameter, the In-content at the center of InGaN QDs (A) in the smallest single 

nanowire and InGaN QDs (B, C, and D) in the large single nanowires decreases progressively. 

This result is consistent with the blue-shifting of the PL peak position with increasing diameter 

of single nanowires, further supporting the proposed composition-tuning mechanism of 

selective-area grown single nanowires [575]. 

4.9 Epitaxy and Device Fabrications of Color-Tunable Single Nanowire Pixels  

 

Figure 4-10: (a) and (b) Schematic illustrations for the selective area epitaxy of multi-color 

single nanowire LED pixel. InGaN/GaN QD single nanowire LED structures are grown on the 

GaN/sapphire substrate with a Ti mask. Full-color emissions (RGBO) were achieved by 

varying the nanowire diameters in a single epitaxy step. (c) 30° tilted SEM image of a patterned 

Ti mask, showing the presence of hexagonal openings with different sizes. (d) SEM image of 

InGaN/GaN QD single nanowires with different diameters grown by using selective area 

epitaxy. (e) Top-view SEM image of the exposed p-GaN nanowire top-surface after polyimide 

planarization and dry etching.  

To realize full-color (RGBO) and color-tunable single nanowire LED pixels integrated on 

the same chip, we have grown single nanowire LED arrays consisting of single nanowires with 
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varying diameters. The selective area epitaxy of such full-color single nanowire LED pixels is 

illustrated in Figures 4-10 (a) and (b).  

The InGaN/GaN QD nanowire LED heterostructures, schematically shown Figure 4-10 

(b), consist of 440 nm n-GaN, six InGaN/GaN QDs and 150 nm p-GaN. These samples were 

grown in the Veeco GEN-IITM MBE system. The growth conditions include a substrate 

temperature of 965 C and a Ga beam equivalent pressure (BEP) of 3.1×10-7 torr for Ge and 

Mg-doped GaN. The substrate temperature is reduced to 715 C for the growth of InGaN/GaN 

quantum dot active regions. The temperature mentioned here refers to the thermocouple 

reading. The In and Ga BEPs used for the growth of the QD active regions are 2.1×10-7 torr 

and 3.2×10-8 torr, respectively. The growth conditions for a Mg-doped GaN layer used a Ga 

BEP of 3.1×10-7 torr, a Mg BEP of 1.86×10-9 torr, and a substrate temperature of 965 C. It is 

noticed that the growth parameters are different from those mentioned above, due to the use of 

a different MBE reactor and different metal layers at the backside of sapphire substrates. Under 

these growth conditions in the Veeco GEN-IITM MBE system, emission wavelength across 

nearly the entire visible spectral range can be realized for nanowires with diameter varying 

from ~ 200 nm to ~ 600 nm. Figure 4-10 (c) shows the SEM image of patterned Ti mask with 

nanohole sizes of ~ 150, 250, 350 and 550 nm. The lateral growth effect was also taken into 

account in the pattern design. Shown in Figure 4-10 (d) is a 30° tilted SEM image of 

InGaN/GaN nanowire arrays grown with four different diameters of ~  220, 320, 420 and 630 

nm. The nanowires have an average height ~ 650 nm, with near-perfect hexagonal morphology 

and smooth lateral surface, which can contribute to the enhanced light emission from the 

nanowire top surface.  

Single Nanowires with these design parameters and operation wavelengths also exhibit 

nearly maximum light extraction efficiency, according to our numerical simulation. The light 

extraction efficiency of single nanowires has been investigated using finite-difference time-
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domain (FDTD) numerical simulation. Structures of the single nanowires for the simulation 

include 440 nm n-GaN, 150 nm p-GaN layer and 60 nm InGaN/GaN QDs active region. The 

wavelengths of various color emission, including 450, 530, 630 and 660 nm were used in the 

simulation. The results show that the light extraction efficiency depends on the n-GaN length 

of the nanowire, the radius of the nanowire, and the wavelength. Single nanowires with their 

specific geometry offer unique guiding properties which can improve the light extraction 

efficiency [576, 577]. Single nanowires have the ability to guide light along its axis like a 

waveguide [578, 579]. Some portion of the light guided through the axis of a nanowire can be 

extracted from the top surface. The length of n-GaN is very critical to have constructive light 

interference with the reflected light at the nanowire/substrate interface. The reflection from 

substrate may vary as a function of the operating wavelength and the nanowire radius [580]. 

The Variations of light extraction efficiency of single nanowires was calculated as a function 

of nanowire radius for emission wavelengths of 450, 530, 630, and 660 nm, respectively. The 

calculated light extraction efficiency is 65%, 55%, 68%, and 36% for a single nanowire with 

diameter of 220 nm and emission wavelength of 660 nm, a single nanowire with diameter of 

320 nm and emission wavelength of 630 nm, a single nanowire with diameter of 420 nm and 

emission wavelength of 530 nm, and a single nanowire with diameter of 630 nm and emission 

wavelength of 450 nm, respectively. By engineering the nanowire diameter and height, single 

nanowire LEDs can offer high light extraction efficiency. 

Schematically shown in Figure 4-11 (a), multi-color single InGaN/GaN nanowire LEDs 

were subsequently fabricated on a single chip. First, a polyimide resist layer was spin-coated 

to fully cover the nanowires, followed by oxygen plasma etching to expose the top surface of 

nanowires, shown in Figure 4-10 (e). Nanoscale metal electrodes, consisting of Ni (7 nm)/Au 

(7 nm) metal layers were then deposited on the p-GaN top surface of individual nanowires 

using e-beam lithography and metallization techniques and then annealed at ~500 C for 1 min 
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in nitrogen ambient. Subsequently, a 100-nm indium tin oxide (ITO) layer was deposited to 

serve as a transparent electrode. The complete devices with ITO contacts were annealed at 300 

C for 1 hour in vacuum. Contact metal grids consisting of Ni(20 nm)/Au(100 nm) were then 

deposited on the ITO to facilitate current injection. Subsequently, a Ti(20 nm)/Au(100 nm) n-

metal contact was deposited on the n-type GaN template. Shown in Figure 4-11 (b) is the 

optical microscopy image of the single nanowire LED pixel devices after surface passivation 

and contact metallization. 

 

Figure 4-11: (a) Schematic illustration of monolithically integrated multi-color single 

nanowire LED pixels on a single chip. (b) Top-view optical microscopy image of the single 

nanowire LED pixel devices after surface passivation and contact metallization. (c) Current-

voltage characteristics of single nanowire LEDs with different diameters. Inset: current density 

versus voltage in a semilog plot, showing increasing leakage current for nanowire LEDs with 

larger diameters.  

4.10 The Performance Characteristics of Color-Tunable Single Nanowire Pixels 

The performance characteristics of single InGaN/GaN QDs nanowire LEDs were 

measured under continuous-wave biasing conditions at room temperature. Figure 4-11 (c) 

shows representative current-voltage (I-V) curves of the blue (D ~ 630 nm), green (D ~ 420 

nm), orange (D ~ 320 nm) and red (D ~ 220 nm) emitting devices, which exhibit excellent I-V 
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characteristics. The nanowire LEDs have turn-on voltages ~ 2 V, which is significantly better 

than previously reported ensemble nanowire LEDs and GaN-based planar devices [133, 581]. 

Current densities as high as 7 kA/cm2 were measured at ~ 3 V.  It is also noticed that higher 

current densities can be achieved in nanowire LEDs with smaller diameters. This is largely due 

to the enhanced dopant incorporation in smaller diameter nanowires and the resulting efficient 

current conduction [582, 583], as well as the more efficient heat dissipation [133]. The capacity 

for sustaining higher current densities with decreasing device area has also been reported 

previously [133, 584]. These results suggest that single nanowire optoelectronic and electronic 

devices can handle unusually large current densities and can deliver extremely high power 

density compared to conventional planar devices. It is also seen that the leakage current under 

reverse bias is relatively small, but increases with increasing nanowire diameter, shown in the 

inset of Figure 4-11 (c), which is likely due to the presence of defects in large diameter 

nanowires and the resulting current leakage. This observation is in reasonable agreement with 

previous reports [585, 586]. 

Such single nanowire LEDs also exhibit excellent light emission characteristics. The 

electroluminescence (EL) emission was collected using an optical fiber coupled to a high-

resolution spectrometer and detected by a charge coupled device (CCD). Shown in Figure 4-

12 (a) are the EL emission spectra of single nanowire LED subpixels with nanowire diameters 

of 220, 320, 420 and 630 nm, which exhibit peak emission wavelengths of 659, 625, 526 and 

461 nm, respectively. The spectra were taken at an injection current of approximately 4.5 µA.  

Light-current (L-I) characteristics of the red, orange, green, and blue single nanowire LED 

subpixels measured under nearly identical conditions are shown in Figure 4-12 (b). It is 

observed that the light intensity increases near-linearly with injection current for different 

nanowire LEDs. Stronger light intensity was measured from nanowires with larger diameters 

under the same injection current density, due to the larger active region area. On the other hand, 
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nanowire LED subpixels with smaller nanowire diameter can handle higher current density, 

due to the more efficient current conduction and heat dissipation. Shown in the inset of Figure 

4-12 (b) are the EL spectra of the green-emitting nanowire LED subpixel. There is no 

significant shift in the emission peak position with increasing injection current, suggesting a 

very small level of quantum confined Stark effect, due to the highly efficient strain relaxation 

of nanowire structures.  

    

Figure 4-12: (a) Electroluminescence (EL) spectra of single nanowire LEDs with different 

nanowire diameters. (b) Light-current characteristics of single nanowire LED devices with 

different diameters. The inset shows the EL spectra measured under different injection 

current densities (1.3 to 6.5 kA/cm2) for the green-emitting nanowire LED device.   

With the incorporation of p-AlGaN electron blocking layer and core-shell schemes, the 

performance of single InGaN/GaN nanowire LEDs can be further improved by reducing 

nonradiative surface recombination and carrier leakage and overflow [254, 581, 587-589].  

4.11 Summary  

The Ti-mask selective area epitaxy of multi-color nanowire arrays on GaN/sapphire 

substrates have been studied, with the goal to achieve micro-scale and nano-scale color-tunable 

LED pixels. In this process, a thin (~ 10 nm) Ti layer was utilized as the mask, and nanoscale 

growth patterns were defined by using EBL and treated with nitridation prior to the growth of 

nanowires. By controlling the nanohole diameter and array periodicity, full-color emissions 
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have been realized from InGaN/GaN nanowire arrays on the same substrate. It was observed 

that, with the same spacing between grown nanowires, the peak emission wavelength of 

nanowire array shows a redshift with increasing nanowire diameter. A consistent redshift with 

decreasing nanowire spacing was observed due to the reduced Ga incorporation related to the 

beam shadowing effect. The results of redshift with increasing nanowire diameter has been 

justified repeatedly by many MBE growths. Multi-color LED subpixels of 2.8×2.8 µm2 have 

been monolithically fabricated on the same sapphire wafer, enabling color-tunable light mixing. 

The first demonstration of full-color, single InGaN nanowires monolithically integrated on the 

same chip is reported. Compared to conventional planar devices, such nanowire LED pixels 

offer several distinct advantages, including significantly reduced dislocations and polarization 

fields, enhanced light extraction efficiency, controllable radiation pattern, tunable emission, 

and extremely efficient current conduction and heat dissipation. This work offers a new avenue 

for achieving multi-color photonic devices at the single nanowire level on a single chip for a 

broad range of applications, including ultra-fine imaging and projection display, projection 

displays, sensing, spectroscopy, medical diagnostics and communications.  
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Chapter 5: Full-Color AlInGaN Quaternary Nanowire Light Emitting Diodes 

with Spontaneous Core-Shell Structures on Si 

5.1 Introduction 

To date, InGaN-based nanowire heterostructures have been intensively studied for 

applications in phosphor-free solid-state lighting and full-color display. The performance of 

such devices, however, suffers severely from nonradiative surface recombination, which leads 

to extremely short carrier lifetime (~ 0.2 ns, or less) [254] and has been identified as the major 

cause for the low quantum efficiency and the very low output power (nW to μW) of nanowire 

LEDs. Such poor carrier dynamics also represent one major challenge in improving the 

performance of various nanowire optoelectronic devices including LEDs, lasers, solar cells, 

and photodetectors. In this regard, a new nanowire heterostructures have been developed, with 

the use of spontaneous core-shell structures that can suppress nonradiative surface 

recombination to achieve large area, efficient, full-color nanowire LEDs. The emission 

wavelengths can be tuned from ~ 430 nm to ~ 630 nm by varying the growth conditions.  

In this context, taking advantages of the diffusion-controlled MBE growth of catalyst-free 

III-nitride nanowires, we have developed AlInGaN core-shell quaternary nanowire 

heterostructures, wherein an In-rich core and an Al-rich shell were spontaneously formed 

during the growth process. By varying the growth conditions, the emission wavelengths can be 

tuned across nearly the entire visible spectral range. The spontaneous formation of a relatively 

thick (~ 18.5 nm) AlGaN shell was demonstrated in a simple p-i-n axial nanowire LED 

heterostructure. The carrier lifetime can be enhanced from ~ 0.2 ns to 2 ns, due to the 

suppression of nonradiative surface recombination. The output power exceeds 30 mW for a 

single ~ 1×1 mm2 non-packaged LED device under pulsed biasing conditions. The direct 

correlation between the output power, carrier lifetime, and shell thickness is also identified.  
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5.2 Growth and PL of Full-Color AlInGaN Core-Shell Nanowires 

In this study, catalyst-free AlInGaN core-shell nanowire LED heterostructures were 

grown on Si(111) substrates by using a Veeco GEN-IITM radio frequency plasma-assisted 

MBE system under nitrogen-rich conditions [100, 120, 590]. Schematically shown in the inset 

of Figure 5-1(a), the AlInGaN nanowire LED heterostructure consists of ~ 200 nm GaN:Si, 70 

nm AlInGaN, and 150 nm GaN:Mg segments. During the growth, the nitrogen flow rate was 

kept at 1 standard cubic centimeter per minute (SCCM), with a forward power of 350 W. The 

GaN:Si and GaN:Mg segments were grown at ~ 770 °C. For the AlInGaN active region, the 

substrate temperature was varied in the range of 610-700 °C. Also during the active region 

growth, the Ga beam equivalent pressure (BEP) was kept at 4.5×10-8 Torr, while the In BEP 

and Al BEP was varied from 1.2×10-7 to 2.6×10-7 Torr and from 1.7×10-9 to 1.3×10-8 Torr, 

respectively.  

 
Figure 5-1: (a) Bird’s-eye-view SEM image of AlInGaN core-shell nanowire arrays grown on 

Si substrate. (b) Normalized PL spectra of AlInGaN core-shell nanowires under different 

growth conditions. The schematic of such a nanowire LED is shown in the inset of (a). 

Under these growth conditions, the photoluminescence (PL) emission wavelengths of 

AlInGaN quaternary nanowire structures can be continuously varied across nearly the entire 

visible spectral range, from ~ 410 nm to 630 nm, shown in Figure 5-1 (b). Moreover, through 

extensive studies and variations in the growth conditions, it was also found that the Al-rich 

shell thickness of AlInGaN quaternary nanowire heterostructures can be controllably varied 
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(described later), allowing for the direct correlation with the carrier dynamics and device 

performance.  

Table 5-1: Growth conditions and characterization results for representative AlInGaN 

segments. 

Sample 

 

BEPAl 

(×10-9 Torr) 

BEPIn 

(×10-7 Torr) 

Tsample 

(°C) 

Wavelength 

(nm) 

τ 

(ns) 

A 3.54 1.25 625 515  0.35  

B 5.70 1.38 635 515  0.96  

C 10.7 2.06 670 495  1.86  

 

Shown in Figure 5-1(a) is a bird’s-eye-view SEM image of AlInGaN core-shell 

nanowires, which are vertically aligned on Si substrate. The nanowires exhibit a high degree 

of size uniformity, with the top sizes in the range of ~ 70 to 80 nm. In what follows, we describe 

the carrier dynamics and structural properties of three representative nanowire LED, including 

Samples A, B, and C, with peak emission wavelengths of 495-515 nm. The corresponding 

growth conditions and optical characterization results are described in Table 5-1. Growth 

temperatures of 625 °C, 635 °C and 670 °C were used for the active regions of Samples A, B, 

and C, respectively. Compared to Sample A, the Al BEP of Sample B was increased from 

3.54×10-9 to 5.70×10-9 Torr. Relatively higher In and Al flux was utilized for Sample C in order 

to achieve enhanced shell coverage.  

5.3 Carrier Dynamics of AlInGaN Core-Shell Nanowire Heterostructures 

Time-resolved PL measurements were performed to study the carrier dynamics of 

AlInGaN core-shell nanowire heterostructures. A pulsed 375 nm diode laser with a 100 MHz 

repetition rate was employed as the excitation source, which was focused on the sample surface 

through a 50× objective lens. The signal was detected by a photon counter (TBX picosecond 
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detection module) with the use of a long pass filter (> 400 nm). The carrier life time τ was then 

derived by a standard stretched exponential model, 

I(t) = I(0)e−(
t

τ
)n

         Equation 5-1, 

where I(t) is the PL intensity as a function of time, and n is the stretching parameter [534, 

591, 592]. Shown in Figure 5-2 is the representative curves measured for samples A, B, and C, 

with the derived carrier lifetimes ~ 0.35 ns, 0.96 ns, and 1.86 ns, respectively. The measured 

carrier lifetimes of AlInGaN LED heterostructures vary dramatically depending on the growth 

conditions.  

 

Figure 5-2: Time-resolved PL emission of three representative AlInGaN core-shell nanowire 

LED heterostructures, exhibiting carrier lifetime of 0.35 ns, 0.96 ns and 1.86 ns. The dot-like 

symbols are experimental data; and the solid curves are derived from experimental data by 

using the standard stretched exponential model. 

For comparison, the carrier lifetime of a typical InGaN/GaN nanowire LED structure 

without the incorporation of any Al was measured to be in the range of 0.2 ns, dominated by 

nonradiative surface recombination (see Supplementary Information of the reference of [254]). 

The carrier lifetime of such InGaN/GaN nanowire LED structure was enhanced to ~ 0.4 ns by 

adding an AlGaN shell [254], consistent with the present study. It is worthwhile mentioning 

that the carrier lifetime remained nearly invariant when the excitation power was changed by 

over two orders of magnitude in the present study. 
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5.4 The Nature and Growth Mechanism of Spontaneous Core-Shell Structures  

In order to further identify the correlation between the carrier dynamics of AlInGaN 

nanowire LED heterostructures and the associated growth conditions, we have performed 

extensive structural characterization by scanning transmission electron microscope (STEM). 

The high-angle annular dark-field (HAADF) atomic-number contrast image of a nanowire from 

Sample C (carrier lifetime ~ 1.86 ns) is shown in Figure 5-3 (a). The HAADF image shows 

bright contrast at the center and dark contrast at the sidewall of the AlInGaN segment, 

indicating the formation of a core-shell structure.  

 

Figure 5-3: (a) An HAADF-STEM image for the AlInGaN core-shell LED nanowire (shell 

thickness: ~ 18.5 nm) with a peak emission of 495 nm and carrier lifetime of 1.86 ns. Elemental 

profiles derived from EDXS line scanning analysis (b) along a-b (axial direction) and (c) along 

c-d (radial direction) as indicated in (a), respectively, showing a core-shell structure. 

The energy dispersive x-ray spectrometry (EDXS) analysis is shown in Figures 5-3 (b) 

and 5-3 (c). The elemental profiles along the axial direction (line a-b in Figure 5-3 (a)) present 

clearly one AlInGaN segment in the middle region and two GaN segments in the top and 

bottom regions of the nanowire, shown in Figures 5-3 (b). The tail of Al profile (position: 90-

130 nm) is originated from the direct impingement and diffusion of Al atoms at the sidewall of 

the bottom GaN:Si segment during the growth of AlInGaN active region. Shown in Figure 5-

3 (c) is the EDXS line-scan analysis along the lateral dimension of the nanowire active region 

(line c-d in Figure 5-3 (a)). The Al and Ga signals extend over a much wider range than that of 

In signal, providing unambiguous evidence that an AlGaN shell is formed surrounding an In-

rich core region. The AlGaN shell thickness is estimated to be ~ 18.5 nm. 
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Similar STEM studies including HAADF and EDXS analysis were also conducted on 

other nanowire samples. The EDXS elemental profile along the radial direction of AlInGaN 

core-shell nanowires exhibiting wavelength emission of 515 nm and carrier lifetimes of 0.35 

ns, 0.63 ns and 0.96 ns are shown in Figures 5-4 (a), 5-4 (b) and 5-4 (c), respectively. As 

observed in Figure 5-3 (c) and Figures 5-4, Ga signal remains constant over the core and shell 

regions, and the concentration of In is high in the core and then decreases towards the lateral 

surfaces. Shown in Figures 5-3 (c), 5-4 (b) and 5-4 (c), there is very little In content in the 

sidewall regions. By contrast, it is seen in Figure 5-4 (a) that In is present in the region close 

to sidewall. Different from the nanowires with carrier lifetime of 0.63 ns shown in Figure 5-4 

(b), the Al signal of the nanowire of 0.96 ns shown in Figure 5-4 (c) was drastically reduced in 

the core region accompanied by two sharp bumps in the shell regions, and hence its Al-rich 

shells were thicker. The radial carrier confinement benefits from such radial elemental profiles 

shown in Figure 5-4 (c). This explains the increased carrier lifetime. As such, a direct 

correlation between the formation of an Al-rich shell structure and the carrier lifetime can be 

identified. For example, for Sample A shown in Figure 5-4 (a), a small Al-rich shell was formed, 

due to the use of very low Al flux. Accordingly, the carrier lifetime for this sample was 

measured to be ~ 0.35 ns, limited by nonradiative surface recombination. The AlGaN shell 

thicknesses were estimated to be ~ 13 nm for Sample B, shown in Figure 5-4 (b), which leads 

to enhanced carrier lifetime ~ 0.96 ns, due to the reduced nonradiative surface recombination. 

The extensive structural and optical characterizations of AlInGaN nanowire heterostructures 

confirmed that the carrier lifetime increased with increasing AlGaN shell thickness. It is also 

worthwhile mentioning some additional advantages of the AlInGaN core-shell nanowire LEDs. 

The incorporation of Al in the active region can effectively reduce the strain and the associated 

defect formation. Moreover, the use of relatively thick active regions (~ 70 nm) can 
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significantly reduce the carrier density under high power operation, thereby minimizing 

nonradiative Auger recombination and hot carrier effect under high power operation. 

 

Figure 5-4: (a) Elemental profiles derived from EDXS line scanning analysis along the radial 

direction of 515 nm emission AlInGaN nanowires with carrier lifetime of (a) 0.35 ns (shell 

thickness: ~ 3 nm), (b) 0.63 ns (shell thickness: ~ 9 nm), and (c) 0.96 ns (shell thickness: ~ 13 

nm), respectively.  

The spontaneous formation of core-shell nanowire structures can be explained by the 

differences in the diffusion and desorption processes of In, Ga, and Al adatoms during the 

growth of the AlInGaN segment. At elevated growth temperatures, In atoms experience much 

stronger desorption compared to Ga and Al atoms on the nanowire lateral surfaces. The 

desorbed In atoms cannot be immediately compensated by impingent atoms, due to the 

shadowing effect of neighboring nanowires. As a consequence, an Al-rich shell is formed 

surrounding an In-rich core region. The spontaneous formation of core-shell structure and enhanced 

carrier lifetime have been measured repeatedly in many AlInGaN nanowire samples. It is also evident 

that properties of the core-shell structures can be controlled by varying the substrate 

temperature, in addition to the group III/N flux ratios, since the sticking and diffusion 

coefficients of atoms are very sensitive to the substrate temperature [383, 593]. 

5.5 The Correlation Between Output Power, Carrier Lifetime and Shell Thickness  

In order to examine the impact of Al-rich shell structure on the device performance, we 

have fabricated and characterized large area AlInGaN nanowire LEDs with sizes in the range 

from ~ 0.3×0.3 mm2 to ~ 1×1 mm2. The device fabrication process involves the use of 

polyimide surface passivation and planarization, standard photolithography and contact 
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metallization techniques. Shown in the inset of Figure 5-1 (a), p- and n-contacts were deposited 

on GaN:Mg and the backside of the Si substrate, respectively. Output characteristics of ~ 1×1 

mm2 AlInGaN core-shell LEDs were measured under various injection currents under pulsed 

biasing conditions (1% duty cycle) to minimize junction heating effect. Shown in Figure 5-5 

(a) is a representative I-V curve of AlInGaN core-shell nanowire LEDs, which exhibit excellent 

current-voltage characteristics. The measured electroluminescence (EL) spectra of various 

AlInGaN nanowire LEDs are shown in Figure 5-5 (b). Tunable emissions from ~ 430 to ~ 630 

nm can be readily achieved. Variations of the output power versus injection current density for 

a few representative LED structures are further shown in Figure 5-5 (c). It is seen that 

significantly higher output power can be achieved for nanowire LEDs with longer carrier 

lifetime, due to the suppression of nonradiative surface recombination. Under an injection 

current density of 100 A/cm2, an output power of > 30 mW was measured for Sample C, which 

is significantly higher than that of previously reported axial InGaN nanowire LEDs  [252, 254, 

593, 594]. 

Variations of the measured output power at an injection current density of 90 A/cm2 versus 

carrier lifetime are further summarized in Figure 5-5 (d) for LEDs operating in the blue-green 

wavelength range (~ 480-530 nm). It is seen that the output power increases dramatically with 

carrier lifetime, which is also consistent with recent reports on AlGaN/InGaN dot-in-a-wire 

LEDs [252, 254]. Such studies provide unambiguous evidence that robust core-shell structures 

are essentially required in order to suppress any nonradiative surface recombination and to 

achieve high power operation for axial nanowire devices. The direct correlation between carrier 

lifetime and device performance also rules out the possibility that the enhanced carrier lifetime 

is caused by the quantum-confined Stark effect (QCSE) with increasing Al incorporation, since 

QCSE generally leads to reduced radiative recombination and output power.  
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Figure 5-5: (a) Current-voltage characteristics of a representative AlInGaN nanowire LED on 

Si. (b) Normalized EL spectra of AlInGaN core-shell nanowires LEDs grown under different 

conditions. The EL images are shown in the inset of (b). (c) Light output power of AlInGaN 

LEDs versus injection current. The device area is ~ 1×1 mm2. The measurements were 

performed under pulsed biasing conditions (1% duty cycle) at 2 °C. The measured carrier 

lifetime is also shown in the figure. (d) Variations of the output power of AlInGaN core-shell 

nanowires LEDs measured under injection current of 90 A/cm2 versus carrier lifetime of the 

nanowire heterostructure. 

The wavelength, carrier lifetime, shell thickness and light output power of representative 

AlInGaN nanowires in relatively longer wavelength range are summarized in Table 5-2. In the 

wavelength range from ~ 560 nm to ~ 630 nm, reduced shell thicknesses were measured, due 

to the usage of low Al BEP in the range of 1.77×10-9-2.45×10-9 Torr during the AlInGaN 

growth. The output power was measured at injection currents of 40 A/cm2 under pulsed biasing 

conditions (1% duty cycle). Compared to the output power of AlInGaN nanowire in the blue-
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green wavelength range (430-530 nm), the output power decreased in the longer wavelength 

range, especially in the orange and red range. Such a reduction of power output is mainly due 

to the increased surface recombination, indicated by shorter carrier lifetimes measured in the 

longer wavelength range. The carrier lifetimes of AlInGaN nanowires were ~ 0.6-0.8 ns in the 

green range (~ 530-570 nm) and ~ 0.3-0.5 ns in the yellow, orange and red range (~ 580-630 

nm), respectively. 

Table 5-2: Characterization results of representative AlInGaN nanowires in the relatively 

longer wavelength range. 

Symbol 

Wavelength 

     (nm) 

  τ 

      (ns) 

Shell 

thickness 

Output power 

(40 A/cm2) 

C 560 nm   0.8 ~ 11 nm      5.8 mW 

D 585 nm   0.5  ~ 4 nm           0.7 mW 

E 630 nm   0.3 < 3 nm       0.4 mW 

 

5.6 The Approach for Broad Emission Using AlInGaN Nanowires 

Shown in Figures 5-6 (a) and 5-6 (b), broad PL and EL emissions have been achieved by 

varying the growth temperature during the growth of AlInGaN segments. For example, a single 

EL spectrum covering blue and green range (459-551 nm) was achieved by using the growth 

temperature gradient of 2.2 °C/min during the growth of this AlInGaN segment. In other words, 

in the 30 min growth duration of AlInGaN segment, the growth temperature at the beginning 

of AlInGaN segment was 66 °C lower than that at the end of AlInGaN segment. For the results 

presented above, all of the AlInGaN nanowires were grown at a constant temperature during 

the growth of AlInGaN segment. However, as shown in Figures 5-6, by taking advantages of 

growth temperature and compositional variations, spectral linewidths up to ~ 100 nm have been 

achieved across almost the entire visible region. More important, core-shell structures were 
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observed across the entire AlInGaN segments in such AlInGaN nanowires. The variations of 

Al, Ga and In flux ratio during the growth is expected to further increase the linewidth.  

 

Figure 5-6: (a) Normalized PL spectra and (b) normalized EL spectra of representative 

AlInGaN core-shell nanowires LEDs. The linewidths of such broad spectra are presented by 

using wavelengths at the half maximum of peak intensity, shown in (a) and (b). 

5.7 Summary 

In summary, we have demonstrated full-color AlInGaN core-shell quaternary nanowire 

LEDs grown directly on Si. The nature and growth mechanism of AlInGaN core-shell nanowire 

heterostructures were further revealed through detailed STEM measurements. The spontaneous 

formation of an In-rich core and Al-rich shell structure establishes a radial carrier confinement 

which can suppress nonradiative surface recombination, leading to enhanced carrier lifetime 

and significantly increased output power. 
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Chapter 6: Selective-Area Epitaxy of GaN Nanowires on Si Substrate and Their 

Device Characteristics  

6.1 Introduction and Preview 

It is highly desirable to develop precisely-controlled GaN-based nanowires on Si substrate 

using selective area epitaxy for various device applications such as vertical GaN-based 

nanowire field effect transistors (FETs) using wrap-around gate [344] and InGaN/Si integrated 

double-junction solar cells. However, the current selective area epitaxy on Si substrate rely on 

the use of thick semiconducting buffer layers with large bandgap [404, 517-519, 522] and the 

electrical and thermal advantages of Si substrates cannot be used for nanowire devices. Without 

using thick buffer layers, the reported nanowires grown on patterned Si substrates cannot 

maintain the quality of selective area epitaxy [98, 402, 523]. 

In this chapter, uniform GaN-based nanowire arrays have been demonstrated on Si 

substrate using Ti-mask selective area epitaxy without the loss of the electrical and thermal 

advantages of Si substrate. Taking advantages of ultra-thin AlN and GaN:Ge buffer layers, the 

grown nanowires exhibit precisely controlled nanowire size and position on Si substrate, 

maintaining the quality of selective area epitaxy as well as the advantages of Si substrate 

including high electrical conductivity and high thermal dissipation. The relatively high 

electrical conductivity of ultra-thin AlN buffer layer on Si substrate has been demonstrated by 

the improved output characteristics of Si solar cell (with a p+-Si/n-Si tunnel junction) deposited 

with an ultra-thin AlN buffer layer. The high electrical conductivity of ultra-thin AlN/GaN:Ge 

buffer template and the advantages of selective-area grown n-GaN nanowire array on Si 

substrates have been further justified by photoelectrochemical (PEC) hydrogen production 

using n-GaN nanowire array photoanode and the associated PEC characteristics.  

Using the selective area epitaxy technique on Si substrate with ultra-thin AlN/GaN:Ge 

buffer template, a current density up to 4.65 MA/cm2 has been achieved from a single n-i-n-n+ 
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GaN nanowire vertically-aligned on Si substrate, promising the scale-up of vertical GaN-based 

nanowire electronic devices on Si substrates. For the first time, high electrical conduction has 

been achieved from single GaN nanowire devices selective-area grown on Si substrate which 

has various advantages such as large area, low cost, high thermal conductivity and high 

electrical conductivity. The electrical characteristics and device failure of single GaN nanowire 

were investigated in previous work [595, 596]. However, those works involved transfer and 

horizontal suspension of single nanowires between lateral metal electrodes, which was not a 

trivial process and required much manipulation efforts. The electrical characteristics of 

suspended single n-GaN nanowires has been measured by direct electrical nanoprobing using 

tungsten nanoprobes [597]. Meanwhile, high contact resistance existing in previous work [595, 

596] has resulted in relatively low maximum tolerable current density and relatively low 

maximum tolerable electrical field which were measured when the device failure occurred. The 

considerable contact resistance has hindered the precise characterizations of GaN nanowires. 

In addition, with high contact resistance, the electrical characteristics of single GaN nanowire 

devices cannot be further improved. Benefiting from the flexibility in varying the diameter of 

single GaN nanowires selective-area grown on the same Si substrate, the dependence of 

electrical characteristics (maximum tolerable voltage and current density) on nanowire 

diameter has been systematically investigated by using two-point electrical nanoprobing in a 

SEM chamber. In order to reduce the contact resistance between GaN nanowire and metal 

contact, n+-GaN layer was grown as the top segment of n-i-n-n+ GaN single nanowires, and the 

dependence of the electrical characteristics on the Si doping concentration of n+-GaN layer has 

been investigated. Through the optimization of the Si doping concentration in n+-GaN layer, 

high current density up to 4.65 MA/cm2
 has been achieved.  
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The achievements reported in this chapter promise monolithic III-nitride/Si integrated 

multijunction solar cells and III-nitride/Si integrated chips vertically integrating multiple GaN 

nanowires electronic devices which are precisely controlled in size and electrical characteristics. 

6.2 Selective Area Epitaxy of GaN Nanowires Using Ultra-Thin Buffer Layers  

Prior to the preparation of Ti mask and selective area epitaxy, III-nitride buffer layers 

were deposited on Si substrates. In order to make the resistance of the buffer layers negligible, 

the thickness of AlN buffer layer was reduced to few nm. After cleaning n-Si wafers by using 

acetone, isopropyl alcohol (IPA) and deionized (DI) water, the n-Si wafers were dipped in 

buffered oxide etchant (BOE) for 2 min. AlN and/or GaN:Ge buffer layers were grown on n-

Si wafers by radio frequency plasma-assisted MBE (Veeco, GEN IITM). By using e-beam 

evaporation, a thin Ti layer (10 nm) was then deposited on top of buffer layer as the mask layer. 

A PMMA e-beam resist layer was then spin-coated onto the Ti mask layer, and the nanohole 

patterns was defined into PMMA layer using e-beam lithography (MIRA3 XMH equipped with 

a Schottky field emission electron gun). To transfer the nanohole patterns from PMMA to Ti 

layer, the exposed Ti material was etched down to buffer layer using CHF3 in a reactive ion 

etching (RIE) chamber. After that, the PMMA resist was removed from the surface by using a 

two-step process including O2 RIE and a solvent clean using NMP based removers (Remover 

1165). The patterned substrates underwent a final clean using concentrated hydrogen chloride 

(HCl, 37%) before being loaded into the MBE chamber for nanowire growth. 

On the patterned Si substrates, GaN nanowire arrays were selectively grown in the MBE 

system (Veeco, GenXplorTM) with radio frequency N2 plasma source. Prior to the nanowire 

epitaxy, the nitridation of Ti mask layer was carried out in the growth chamber at 400 °C for 

10 min. To achieve good epitaxy selectivity as well as acceptable growth rate, various growth 

parameters have been used to grow Si-doped n-GaN on the patterned Si substrates. The growth 

conditions for Si-doped n-GaN included a growth temperature in the range from 860 °C to 
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890 °C, a N2 flow rate in the range from 0.33 sccm to 0.75 sccm, a forward plasma power in 

the range from 350 W to 380 W, a Ga beam equivalent pressure (BEP) of 2.35×10−7 Torr and 

Si Knudsen effusion cell temperature of 1175 °C which corresponding to a Si doping 

concentration estimated to be 1.43×1019 cm-3.  

 

                 (a)                                (b)                                  (c)                                 (d) 

Figure 6-1: Bird’s-eye-view SEM images of GaN nanowire array selective-area grown using 

a similar growth condition on nanohole-array patterned Si substrates (a) without using any 

buffer layers, or with (b) an ultra-thin AlN buffer layer, (c) an ultra-thin GaN:Ge buffer layer 

and (d) ultra-thin AlN/GaN:Ge buffer template. 

To search the buffer layers suitable for selective area epitaxy on Si substrates, the effects 

of different ultra-thin buffer layers on the morphology of GaN nanowires have been 

investigated. As shown in Figures 6-1 (b), (c) and (d), the morphology of selective-area grown 

nanowire varies significantly on different buffer layers (a single AlN layer, a single GaN:Ge 

layer,  or AlN/GaN:Ge template). Without any buffer layers, multiple GaN nanowires grow 

within one nanohole and coalesce, as shown in Figure 6-1 (a). With a single AlN buffer layer, 

two or three nanowires grow within one nanohole but there is no coalescence, as shown in 

Figure 6-1 (b). It can be observed in Figure 6-1 (b) that the nanohole is filled partially and the 

nucleation occurs at the edge of nanohole pattern with a AlN buffer layer. With a single 

GaN:Ge buffer layer, multiple nanowires grow within one nanohole and merge into a large 

nanowire. With AlN/GaN:Ge buffer template, uniform GaN nanowires are aligned vertically 

on Si substrate and exhibit smooth surfaces. Patterned Si substrates with AlN/GaN:Ge buffer 
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layers are used for subsequent selective area epitaxy of GaN nanowires and their device 

applications. 

Both AlN and GaN:Ge buffer layers are required for the selective area epitxy of GaN-

based nanowires on Si substrates. AlN has been widely adopted as the seed layer for subsequent 

GaN or InGaN hetroepitaxy on Si substrate due to its good thermal and chemical stability with 

Si substrate, benefiting from a much smaller thermal expansion coefficient and well-suppressed 

interfacial reactions compared to GaN buffer layer [598-601]. There were experiments [404, 

517-519] reporting that the quality and properties of grown GaN nanowire arrays are closely 

correlated to the crystal orientations and morphology of AlN seeding layers. Subsequently, an 

ultra-thin GaN:Ge layer was grown on top of the ultra-thin AlN layer. The adding of GaN:Ge 

layer into the buffer template is necessary for the subsequent nanowire epitaxy, due to the 

following reasons: I) planarization of the surface, II) protection of AlN surface in the 

fabrication process of Ti-mask including thermal preclean, the removal of photoresist and oxide 

interlayers, III) presence as a homoepitaxial buffer layer for the GaN:Si nanowire epitaxy [602]. 

6.3 High Electrical Conductivity of Ultra-Thin Buffer Template on Si Substrates 

To make the AlN layer conductive, the method of filling the vias in AlN layer with highly 

conductive n-AlGaN has been used to create conductive paths through grain boundary in the 

AlN layer [507, 603, 604]. In the AlN/GaN:Ge buffer template, the ultra-thin AlN layer contain 

large amounts of grain boundaries, pits and voids. The subsequently grown GaN:Ge fill in 

those structural vacancies, facilitating carrier transport through the AlN/GaN:Ge buffer 

template. Benefiting from carrier transport through vacancies filled with GaN:Ge together with 

carrier tunneling mechanism through the ultra-thin AlN, the ultra-thin AlN/GaN:Ge buffer 

template exhibited a good electrical conductivity.  

Using nanoprobes in SEM chambers, the resistances of a single Si substrate and a Si 

substrate deposited with ultra-thin AlN/GaN:Ge buffer template were both measured and their 
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resistances were almost same. This comparisive measurement indicates that the resistance of 

ultra-thin AlN/GaN:Ge buffer template is negligible. The top-view SEM image shown in 

Figure 6-2 (a) illustrates the resistance measurement conducted on Si substrate. Pt-coated 

tungsten nanoprobes (ST-20-0.5, GGB Industries) were used. By probing on the AlN/GaN:Ge 

buffer template and the double-side Cu tape attached at the backside of n-Si substrate, the 

resistance was measured. The Si substrate was deposited with Ti/Au metal layers at the 

backside, and Ag conductive epoxy was used to connect Ti/Au metal layers and Cu tape. A 

four-probe piezoelectric nanomanipulator (LF- 2000, Toronto Nano Instrumentation, TNI) 

which was employed for driving conductive nanoprobes for sample probing, is shown in Figure 

6-2 (b). 

  

                                             (a)                                     (b) 

Figure 6-2: (a) Top-view SEM image illustrating resistance measurement conducted on Si 

substrate deposited with ultra-thin AlN/GaN:Ge buffer template. (b) Bird’s-eye-view image 

showing a four-probe piezoelectric nanomanipulator (LF-2000, Toronto Nano Instrumentation, 

TNI) and a sample of single GaN nanowire devices on Si substrate. 

The high electrical conductivity of ultra-thin AlN layer has been further demonstrated 

through the growth of ultra-thin AlN layer on Si solar cell with a p+-Si/n-Si tunnel junction 

[307] and the photovoltaic characterizations of resulting Si solar cells. 

The effects of different growth parameters of ultra-thin AlN layers on the output 

parameters of Si solar cell with a p+-Si/n-Si tunnel junction has been invesitgated. The Si solar 

cell was prepared by thermal annealing of liquid boron dopant precursor and liquid 

phosphorous dopant precursor coated on the two surfaces of double-side-polished n-Si wafers 
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using the standard thermal diffusion process for the conversions to p+-Si and n+-Si layers, 

respectively. Subsequently, liquid phosphorous dopant precursor was spin-coated on the 

surface of p+-Si and underwent rapid thermal annealing to form few nanometers n-Si layer at 

the top of p+-Si layer. The as-fabricated Si solar cell is denoted as Sample I. The Si solar cell 

wafer with the tunnel junction were loaded into MBE system (Veeco, GEN IITM) for the growth 

of AlN layers. The ultra-thin AlN layers were grown on the surface of p+-Si/n-Si tunnel junction 

layer using various growth parameters, and growth parameters of two representative samples 

Sample II and Sample III are presented in Table 6-1. To avoid the formation of SiNx between 

the Si surface and grown AlN layer, few Al monolayers were grown on p+-Si/n-Si tunnel 

junction layer prior to excitation of N2 plasma in the MBE chamber. 

Table 6-1: Output characteristics of Si solar cells with a p+-Si/n-Si tunnel junction and 

associated growth parameters for ultra-thin AlN layers. 

Sample BEPAl  

      (×10−8 Torr) 

Tgrowth (°C) Jsc (mA/cm2) Voc (V) η (%) FF (%) 

I No AlN No AlN 26.12 0.544 7.28 51.2 

II 5.46 750 28.24 0.557 9.77 62.1 

III 3.18 810 31.61 0.561 11.59 65.2 

 

Sample I, Sample II and Sample III were fabricated as the following procedures. Firstly, 

Ti (20 nm)/Au (100 nm) metal layers was deposited on the backside of n+-Si layer as bottom 

metal-contact. Ti (20 nm)/Au (100 nm) metal grid patterns were then deposited onto AlN buffer 

layer grown on p+-Si/n-Si tunnel junction as top metal contact by using standard 

photolithography and e-beam evaporation, followed by a rapid thermal annealing at ~ 550 °C 

in N2 gas ambient for 1 min. In Sample II and Sample III, the top metal grid patterns fill into 

the grain boundaries, pits and voids in the ultra-thin AlN layer, facilitating good carrier 

transport properties through those vacancies filled with metal. The ultra-thin AlN layer 

exhibited a good electrical conduction.  
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Figure 6-3: Current-voltage characteristics of Si solar cells with a Si tunnel junction. Sample 

I is as-fabricated Si solar cell, Sample II and Sample III are Si solar cell with an ultra-thin AlN 

layer grown using different parameters corresponding to Table 6-1.  

Current-voltage characteristics and output parameters of Sample I, Sample II and Sample 

III under the illumination of 100 mW/cm2 from an AM 1.5G solar simulator are summarized 

in Figure 6-3 and in Table 6-1, respectively. As shown in Table 6-1, Sample II and Sample III 

exhibit higher short-circuit current density (Jsc), conversion efficiency (η) and fill factor (FF) 

compared to Sample I. It is observed that the increase in open-circuit voltage (Voc) of solar 

cells with AlN layer were negligible, which were in the range of 0.013-0.017 V. Based on those 

observations in Si solar cell devices with an ultra-thin AlN layer, the improved solar cell current 

density and efficiency are mainly due to AlN antireflection effect [605-607] instead of surface 

passivation effect. More importantly, this study demonstrates the good electrical conductivity 

of ultra-thin AlN buffer layer. 

6.4 Hydrogen Production from Photoanode Using n-GaN Nanowires Selective-Area 

Grown on Si Substrates 

Hydrogen production by using a photoelectrochemical (PEC) cell [608-611], which 

harvests solar energy and store it as chemical energy, is one of the most promising renewable 

and clean energy techniques. GaN-based semiconductors have attracted intense interests for 

PEC hydrogen production and water splitting [612-616], due to its advantages including wide 

and tunable absorption spectrum and high stablility in electrolytes as a photoelectrode [617-
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620]. Compared to GaN-based planar structures, for PEC applications, GaN-based nanowires 

exhibit unique advantages including extremely low dislocation density, high aspect ratio and 

large surface-to-volume ratio [614, 616, 617].  

With precisely-controlled length, diameter and nanowire morphology, the uniform 

nanowire arrays have polarity-controlled and high-quality reaction interfaces, controlled 

crystal orientation and uniform In distribution, improving the surface reactivity for PEC 

reactions [613, 614]. Compared to spontaneous grown nanowires, selective-area grown 

nanowire array can exhibit significant enhanced light absorption through photonic crystal 

effects, promising much more efficient PEC hydrogen production and water splitting. Recently, 

using MOVPE, GaN-InGaN core-shell microwire arrays selective-area grown on 

GaN/sapphire was developed as photonodes for hydrogen production [613]. This core-shell 

microwire array with a height of 14 µm exhibited a photocurrent density above 0.3 mA/cm2 (at 

1.35 V vs RHE) [613]. 

  

                                     (a)                                                     (b) 

Figure 6-4: Bird’s-eye-view SEM images of (a) nanohole pattern on Si substrate and (b) 

2.1×2.1 mm2 n-GaN nanowire array selective-area grown on Si substrate.  

The properties of GaN nanowire array selective-area grown on Si substrates were further 

investigated in PEC reactions. It will be presented in the following study that the uniform n-

GaN nanowire array on Si is very promising for PEC hydrogen production and water splitting. 

On the patterned Si substrates using ultra-thin AlN/GaN template, a large area n-GaN nanowire 
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array with a height of ~ 880 nm, nanowire diameter of ~ 345 nm and nanowire spacing (gap) 

of ~ 55 nm were selective-area grown in the MBE system (Veeco, Gen IITM). The Bird’s-eye-

view SEM images of 2.1×2.1 mm2 nanohole pattern on Si substrate and grown nanowire array 

of 2.1×2.1 mm2 are shown in Figures 6-4 (a) and 6-4 (b), respectively. Prior to the nanowire 

growth, the nitridation of Ti mask layer was carried out in the growth chamber at 400 °C for 

10 min. The growth conditions for Ge-doped n-GaN included a growth temperature of 808 °C, 

a N2 flow rate of 0.33 sccm, a forward plasma power of 350 W, a Ga BEP of 2.43×10−7 Torr 

and Ge effusion cell temperature of 1000 °C and 1050 °C.  

PEC characterizations were conducted on photoanodes made from the 2.1×2.1 mm2 

selective-area grown nanowire array. The patterned Si substrates underwent multiple 

fabrication processes and long nitridation treatement during the nanowire growth. To rule out 

the effects of patterned Si substrates on the results of PEC characterizations, one substrate 

which underwent same fabrications processes were treated by nitridation in MBE growth 

chamber with the Ga shutter closed. This substrate was used as the reference for controlled 

experiments to study the PEC properties of nanowire.  

As the first step of the device preparation for PEC characterizations [307, 621], a Cu wire 

was attached to backside of the Si substrate using Ag paste. After drying in air, a thin In-Ga 

eutectic was futher applied to the connection between the Cu wire and Si substrate. The edge 

and backside of sample and exposed Cu wire were capsuled with epoxy, with only nanowire 

regions on the front side of Si substrates exposed to solutions. The PEC characterizations were 

conducted in 1 M HBr solution using a three-electrode configuration (Ag/AgCl reference 

electrode, Pt coil and the sample as a photoanode) [307, 621]. At the photoanode, bromide ions 

were oxidized. Hydrogen will be generated at the Pt electrode. The electrons are transfer from 

photoanode to Pt electrode during the PEC reactions. Both a thermopile (818P-100-55, 
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Newport) and a photodiode sensor (818-ST2-UV/DB, Newport) with attenuator were used to 

calibrate the illumiantion intensity [307, 621].  

 

                                   (a)                                                                 (b) 

Figure 6-5: The variations of current density with applied voltage versus normal hydrogen 

electrode (NHE) for (a) 0.014 cm2 nanowire array (Ge doping temperature 1050 °C) exposed 

to 1 M HBr solution under AM 1.5G illumination of 100 mW/cm2 and (b) substrate after 

nitridation (no nanowire on the sample), 0.017 cm2 nanowire array (Ge doping temperature 

1000 °C) and 0.014 cm2 nanowire array (Ge doping temperature 1050 °C), under AM 1.5G 

illumination of 350 mW/cm2. 

The exposed area of a nanowire sample, which was grown by using Ge cell temperature 

of 1050 °C, was 0.014 cm2. Under AM 1.5G illumination of 100 mW/cm2, the photo-current 

density (Jph) reached 0.98 mA/cm2 at 1.2 V versus normal hydrogen electrode (NHE), shown 

in Figure 6-5 (a). The onset potential of this nanowire sample was -0.243 V. Shown in Figure 

6-5 (b), its PEC characteristics was futher studied under AM 1.5G illumination of 350 mW/cm2, 

and Jph reached 4.39 mA/cm2 at 1.2 V versus NHE. To study the effect of Ge doping 

concentration on its PEC characteristics, another nanowire sample was grown by using Ge cell 

temperature of 1000 °C and then characterized in 1 M HBr. Shown in Figure 6-5 (b), Jph of this 

nanowire sample with an exposed area of 0.017 cm2, was 2.12 mA/cm2 at 1.2 V versus NHE, 

exhibiting a 51.7% reduction compared to that of the nanowire sample grown by using Ge cell 

temperature of 1050 °C. The increase in Jph is due to the enhanced conductivity resulted from 
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higher Ge doping, which is consistent with what has been reported [622, 623]. It is worthwhile 

mentioning that Jph of the substrate after nitridation (no nanowire on the sample) were 0.0869 

mA/cm2 and 0.0619 mA/cm2 at 1.2 V versus NHE, which were measured in the dark 

environment and under AM 1.5G illumination of 350 mW/cm2, respectively. These two small 

non-zero values might be due to the fluctuations in the measurements. Shown in Figure 6-5 (b), 

Jph of the substrate after nitridation were negligible compared to the Jph of nanowire samples, 

showing that the hydrogen production was only driven by the PEC reactions on the nanowire 

surface.  

PEC results of 14 µm-long GaN-InGaN core-shell microwire arrays selective-area grown 

on GaN/sapphire in L. Caccamo’s work [613] did not present the characteristics of current 

saturation. Compared to L. Caccamo’s work [613], the characteristics of current saturation is 

much improved from the PEC results of our 880 nm-long n-GaN nanowire array selective-area 

grown on Si substrate using AlN/GaN:Ge buffer template. This improvement is likely due to 

less nonradiative recombination [623]. PEC results of our 880 nm-long n-GaN nanowire array 

present Jph of 0.98 mA/cm2 at 1.2 V under AM 1.5G illumination of 100 mW/cm2, which is 

much higher than 0.3 mA/cm2 (at 1.35 V vs RHE) of L. Caccamo’s work [613]. This may be 

attributed to the difference in solutions which were used in two experiments [613]. To explain 

the PEC characteristics and explore the underlying PEC mechanism of n-GaN nanowire array 

selective-area grown on Si substrate, more investigations are essential.  

The PEC characteristics of n-GaN nanowire array can be significantly improved by 

increase the nanowire length, and optimize the nanowire diameter and array periodicity. The 

PEC results of n-GaN nanowire array selective-area grown on Si substrate further demonstrate 

the high conductivity of the ultra-thin AlN/GaN:Ge buffer template. To futher improve the 

PEC characteristics and increase hydrogen production, thick InGaN segments can be 

incorporated into nanowire array for wide light absorption spectrum. A green-emitting 
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nanowire array consisting of a 300-nm long n-GaN segment and a 450 nm-thick InGaN 

segment has been selective-area grown on Si substrate. The bird’s-eye-view SEM image is 

shown in Figure 6-6. The inset of Figure 6-6 is the magnified SEM image of the top of InGaN 

segment. 

 

Figure 6-6: Bird’s-eye-view SEM image of a InGaN-based nanowire array consisting of a 300-

nm long n-GaN segment and a 450 nm-thick InGaN segment selective-area grown on Si 

substrate using ultra-thin AlN/GaN:Ge buffer template. The inset show the top of InGaN 

segment. 

The demonstration of hydrogen production from GaN-based nanowire array selective-

area grown on Si substrate using ultra-thin AlN/GaN:Ge, promise the integrations of selective-

area grown III-nitride nanowire with large ara Si substrates and well-developed Si solar cell 

for efficient double-band InGaN/Si integrated PEC water splitting [307, 617, 624]. 

6.5 Selective Area Epitaxy and Structural Characterizations of n-i-n-n+ GaN Single 

Nanowires on Si Substrates 

On n-Si substrate, n-i-n-n+ GaN single nanowires were epitaxially grown using the MBE 

system (GENxplorTM, Veeco), taking advantage of Ti-mask selective area epitaxy. Shown in 

Figure 6-7 (b), n-i-n-n+ GaN single nanowire heterostructure consists of ~ 100 nm lightly Si-

doped n-GaN, ~ 500 nm non-doped GaN, ~ 100 nm lightly Si-doped n-GaN and ~ 100 nm 

heavily Si-doped n+-GaN segments. The Ti/Au metal layers were deposited onto n+-GaN 

segment in the later fabrication process (discussed in in section 6.6). The n+-GaN segment was 
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heavily Si-doped to reduce the contact resistance between nanowire and Ti/Au metal layers to 

precisely reveal the electrical properties of non-doped GaN.  

      

Figure 6-7: (a) Bird’s-eye-view SEM image of single GaN nanowires with various diameter 

in the range from 400 nm to 800 nm. (b) Schematic of single n-i-n-n+ GaN nanowire grown on 

Si substrate. (c) High-resolution TEM image of single n-i-n-n+ GaN nanowire at the root region 

and image of electron diffraction (SAED) pattern (inset). 

The growth condition of top and bottom n-GaN segments included a substrate temperature 

of 885 °C, a Ga beam equivalent pressure of 2.35×10−7 Torr and Si doping cell temperature of 

1150 °C. For the growth of non-doped GaN segment, the substrate temperature and Ga beam 

equivalent pressure was 885 °C and 2.35×10−7 Torr, respectively. To study the effect of Si 

doping concentration on the electrical characteristics of n-i-n-n+ GaN single nanowires, four 

nanowire samples were grown with different Si doping concentrations in n+-GaN segment. The 

Si cell temperatures used during the epitaxial growth of n+-GaN segment were 1150 °C, 
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1200 °C, 1300 °C, and 1350 °C, corresponding to Si doping concentrations estimated to be 

7.65×1018 cm-3, 2.19×1019 cm-3, 2.12×1020 cm-3
 and 6.84×1020 cm-3, respectively. 

The difficulty in growing large-diameter GaN-based nanowires and controlling the 

spacing between nanowires, limits the usage of spontaneous growth for direct nanoprobing 

which requires relatively large nanowire diameter for contacting as well as relatively large 

spacing for nanoprobing manipulations [355, 366, 376, 380-382]. Besides those, it is also not 

viable to tailor InGaN nanowire diameter and nanowire spacing over the same substrate 

through the approach of spontaneous growth [355, 366, 376, 380-382]. 

Figure 6-7 (a) shows a typical bird’s-eye-view field-emission SEM of n-i-n-n+ GaN 

nanowires (diameter in the range from 400 nm to 800 nm) vertically aligned on the same Si 

substrate. As shown in Figure 6-7 (a), the diameter of GaN single nanowires can be varied on 

the same Si substrate in a single epitaxial growth by using Ti-mask SAE technique. Such 

unique feature of Ti-mask SAE technique provides the convenience in the electrical 

characterization without changing the samples, enabling the systematic studies on electrical 

characteristics of nanowires with various size and geometry through in-situ nanoprobing of 

GaN single nanowires on the same substrates. This also paves the way to integrate dense GaN-

based electronic devices with precisely-controlled geometry and electrical characteristics on 

the same Si substrate. 

High-resolution transmission electron microscope (TEM) images were taken using a 

S/TEM system (Tecnai F20, FEI) equipped with a 4k×4k CCD camera (Oneview, Gatan) from 

the root regions (Figure 6-7 (c)) of a n-i-n-n+ GaN single nanowire, indicating that such a 

nanowire exhibits high crystal quality. The interplanar spacing is measured to be 0.26 nm, 

confirming that the growth direction is along the [0002] direction (c-axis), which is consistent 

with the SAED pattern shown in the inset. 
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6.6 Device Fabrication of Single GaN Nanowires on Si and SEM-Based Nanoprobing 

To characterize electrical properties of single GaN nanowires [625], two-point electrical 

nanoprobing technique has been employed in SEM environment [145]. In contrast to other 

destructive process [626] to create electrical contacts with nanostructures such as ion-beam-

induced deposition (IBID) [627] and e-beam induced deposition (EBID) [628], in-situ 

nanoprobing avoids the beam-induced alterations to materials and the resulting beam-induced 

modifications on electrical characteristics, providing more accurate characterization [145, 625]. 

In the SEM chamber (Quanta 450 FEG, FEI), a four-probe piezoelectric nanomanipulator 

(TNI LF-2000) was mounted and communicated with computer and source meter (SMU 2400, 

Keithley) through electronic controller. A unique advantage of this nanomanipulator over other 

commercial nanomanipulators is the integration of position feedback (resolution: 0.1 nm) in 

each fine positioning stage, allowing closed-loop-controlled, high-precision nanopositioning 

and nanoprobing of single nanowires in the experiments. Shown in the inset of Figure 6-8 (a) 

is the nanoprobing of a GaN single nanowires with a Pt-coated tungsten nanoprobe (ST-20-0.5, 

GGB Industries). The detailed information of SEM-based nanoprobing electrical 

characterization system was described elsewhere [629]. 

Two metal contacts were deposited respectively on top surface of GaN nanowires and 

backside of Si substrate, as shown in Figure 6-8 (b). The device fabrication process involved 

the use of polyimide for surface passivation and planarization, standard photolithography and 

contact metallization. A Ti(20 nm)/Au(100 nm) was first deposited on the backside of Si 

substrate as a contact. A polyimide resist layer was spin-coated to cover the selective-area 

grown single nanowires, followed by reactive-ion etching using O2 plasma to expose the top 

surface of n+-GaN segments of single nanowires. Ti (10 nm)/Au (10 nm) metal layers was then 

deposited onto n+-GaN top surface, followed by a rapid thermal annealling (RTA) at 550 °C 

for 1 minute in N2 environment. Benefitting from this fabrication, destructive direct-write 
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lithography methods such as EBID or IBID are avoided in the in-situ nanoprobing. The 

insulating polyimide was used to electrically separate the top metal contact and bottom 

segments (non-doped GaN, n-GaN and Si substrate) to avoid the possibility of electrical 

leakage and short circuit, as shown in Figure 6-8 (b). 

 

                                    (a)                                                          (b) 

Figure 6-8: (a) Representative I-V characteristics of single GaN nanowire with different Si 

doping concentration in n+-GaN, the diameter of measured GaN single nanowires is ~ 500 nm. 

The top-left inset shows the magnified I-V curves, the bottom-right inset shows the top-view 

SEM image of nanoprobing a GaN single nanowire with a Pt-coated tungsten nanoprobe. (b) 

Schematic of selective-area grown GaN single nanowire devices fabricated on Si substrate. 

6.7 Electrical Characterizations of n-i-n-n+ GaN Single Nanowires on Si Substrates 

In the two-point nanoprobing experiments, one nanoprobe contacted the metal at the top 

surface of single GaN nanowires, as illustrated in the inset of Figure 6-8 (a), and the other one 

contacted the Cu tape connecting the metal contact at the back side of Si substrate, as illustrated 

in Figure 6-2 (a)). The source meter (SMU 2400, Keithley) was used for I-V characterizations, 

the sweep voltage was increased in steps of 0.25 V and the ramp rate is 1 V/0.01 s. The e-beam 

was switched off to avoid electrical noise during the measurements. Representative I-V 

characteristics of single GaN nanowire with different Si doping concentration in n+-GaN 

segment are shown in Figure 6-8 (a). 
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The variations of Si doping concentration in the n+-GaN segment results in very different 

I-V characteristics, essentially indicating the importance of reducing the contact resistance 

[630]. From the slope of nearly linear I-V characteristics in the low-bias region, the resistance 

is estimated to be 2 MΩ, 0.5 MΩ, 16 KΩ and 3.3 KΩ for the n-i-n-n+ GaN single nanowires 

grown by respectively using Si cell temperature of 1150 °C, 1200 °C, 1300 °C and 1350 °C in 

the growth of n+-GaN segment. Conductivity (𝜎) of these nanowires (diameter: ~ 500 nm) vary 

in the range of 0.023-14.255 (Ω·cm)-1 and increases with the increasing Si doping 

concentration in n+-GaN segment. To derive the electrical properties of non-doped GaN, the 

conductivities of n-GaN and n+-GaN segment segments are calculated via the equation 𝜎 =

𝑒𝑛𝜇 [631], where 𝑒 is the elemental charge, 𝑛 is the carrier density and 𝜇 is the carrier mobility. 

The resistances of n-GaN and n+-GaN segments are further calculated via the equation 𝑅 =

𝑙/(𝜎 ∙ 𝐴), where 𝑙  is the length of each segment, and 𝐴 is the cross-section area of single 

nanowires. Neglecting the contact resistance of n+-GaN segment grown using Si cell 

temperature of 1350 °C [630], the calculated conductivity of non-doped GaN is 9.49 (Ω·cm)-1. 

Substituting the calculated conductivity of non-doped GaN segment and the reference value of 

electron mobility (650 cm2·V-1·s-1) provided in literature [632] into equation 𝜎 = 𝑒𝑛𝜇, the 

electron density is estimated to be 9.12×1016 cm-3. The low contact resistance was achieved by 

taking advantages of the flexibility of tuning Si doping concentration in MBE epitaxial growth 

of n-GaN nanowires. 

6.8 Electrical Characteristics and Thermal Breakage of GaN Single Nanowires 

After typical I-V characterizations using relative low bias, the single GaN nanowire 

devices was then tested to failure by applying forward bias which was increased in a step of 

0.25 V with a ramp rate 1 V/0.01 s. When the applied bias reached a critical value, the single 

GaN nanowires broke as shown in sequential SEM images (Figure 6-9 (a)) during tests. For 

comparison, then the broken parts of nanowires were picked up using the nanoprobe tip as 
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shown in rightmost picture of Figure 6-9 (a). It can be observed that the cross sections of 

nanowires was damaged, leading to the disconnection with the Si substrate. Multiple 

measurements were repeated to electrically test the other GaN nanowires to failure, and same 

results were measured and observed. The rightmost SEM image of Figure 6-9 (a) presents the 

cross sections of broken single nanowires in 1st and 2nd attempts of mesurements. 

The forward-biased I-V characteristics of single GaN nanowires with different diameters 

(400 nm - 900 nm) grown with different Si doping concentration in n+-GaN segment are shown 

in Figures 6-9 (b)-(e), respectively. It can be observed that the current passing through single 

nanowire increased with the increasing bias until a critical point was reached when the broken 

nanowires was observed. Beyond this critical point, the current showed a dramatic decrease. 

The values of current and voltage at the critical point are denoted as the maximum current and 

maximum voltage of single nanowires in the subsequent context. The dependence of maximum 

voltage on nanowire diameter and doping level is summarized in Figure 6-10 (a), the graphs 

show that for same Si doping concentration in n+-GaN segment, the maximum voltage is 

relatively constant with a small deviation in the measurements of nanowires with different 

diameters. The maximum voltage is 8.51 ± 0.28 V, 8.23 ± 0.52 V, 6.84 ± 0.78 V and 5.38 ± 

0.25 V for the Si doping temperature of 1150 °C, 1200 °C, 1300 °C, and 1350 °C used for the 

growth of n+-GaN segments, respectively. The maximum electric field was calculated to be 

10.76-17.02 MV/m for those single nanowires depending on the Si doping temperature. The 

value of maximum electric field is much higher than the recent reported value (~ 4.36 MV/m) 

for GaN single nanowires which was arranged horizontally for the electrical characterizations 

[595]. 
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Figure 6-9: (a) Sequential SEM images of single GaN nanowire nanoprobing before/on/after 

I-V characterization (left scale bar: 500 nm). The 4th SEM image is magnified image of 

evaporated Ga balls and cross sections of 1st and 2nd broken nanowires after 1st and 2nd attempts 

to measure two different nanowires. (b)-(e): I-V characteristics of single GaN nanowires with 

different Si doping temperatures of (b) 1150 °C, (c) 1200 °C, (d) 1300 °C, (e) 1350 °C used 

for the growth of n+-GaN layer. 

It can be observed in Figure 6-9 and Figure 6-10 (a) that for the single nanowires with 

same diameter the maximum voltage decreases slightly with increasing Si doping concentration 

in n+-GaN segment. It was reported in the previous study [595] that the breakage of GaN single 

nanowire was due to the generated Joule heating when it was applied with a DC bias. It was 

observed that the middle point of single nanowires reached the melting or decomposition 

temperature 𝑇𝑚𝑎𝑥  firstly [595], leading to a localized breakage of GaN nanowires. In the 

present experiments, Ga balls [596] were also observed and the Ga balls remained on surfaces 
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of single nanowires (Figure 6-9 (a)) after the breakage. The formation of Ga balls could be a 

result of breaking Ga-N bonding, further supporting that the localized thermal decomposition 

of GaN is the key mechanism causing the breakage of GaN single nanowires and the resulting 

device failure.  

 

Figure 6-10: (a) Doping-dependent device-failure voltage versus nanowire diameter, (b) 

doping-dependent maximum power versus nanowire cross-sectional area (calculated as regular 

hexagonal), (c) device-failure current density versus doping temperature, (d) Maximum power 

versus current density (the four data points correspond to the highest current density within 

four doping temperature from 1150 °C to 1350 °C). 

Assuming thermal conductivity is constant over the single nanowire, the maximum 

temperature 𝑇𝑚𝑎𝑥 can be expressed by Equation 6-1 [595, 633] as below: 

𝑇𝑚𝑎𝑥 =  𝑇0 𝑒𝑥𝑝(𝛼𝜎𝑈𝑚𝑎𝑥
2 /8)         Equation 6-1, 

where the boundary temperature of the single nanowire is expressed as 𝑇0, 𝛼 is a constant 

related to thermal conductivity of GaN single nanowire, 𝜎 is the electrical conductivity of GaN 

single nanowire and 𝑈𝑚𝑎𝑥 is the maximum voltage. According to Equation 6-1, the maximum 
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temperature 𝑇𝑚𝑎𝑥 is independent of nanowire diameter and only depends on the applied DC 

voltage 𝑈𝑚𝑎𝑥 [595]. This explains the result that maximum voltage 𝑈𝑚𝑎𝑥 was relative constant 

versus nanowire diameter for each doping concentration, as shown in Figure 6-10 (a). In 

addition, as a larger electrical conductivity 𝜎 was measured from the nanowires with higher Si 

doping concentration in n+-GaN segment, leading to a slight decrease of maximum voltage 

𝑈𝑚𝑎𝑥   for nanowire breakage (𝑇𝑚𝑎𝑥  is assumed to be fixed for certain nanowire diameter), 

consistent to what is observed in Figure 6-10 (a). 

For different Si doping concentration in n+-GaN segment, the dependence of maximum 

power (taken as the product of maximum voltage and maximum current) on cross-sectional 

area of single nanowire is summarized in Figure 6-10 (b). It can be observed that the maximum 

power is proportional to cross-sectional area of single nanowire. For a fixed cross-sectional 

area, the maximum power increases with the increase in the Si doping concentration in n+-GaN 

segment. This observation can be explained by using Equation 6-2, which is translated from 

Equation 6-1 by replacing 𝑈𝑚𝑎𝑥 with 𝑈𝑚𝑎𝑥 = 𝐼𝑚𝑎𝑥 ∙ 𝑅  and 𝑅 = 𝑙/𝜎𝐴. The Equation 6-2 is  

𝑇𝑚𝑎𝑥 =  𝑇0 𝑒𝑥𝑝(
𝛼𝑙2

𝜎𝐴2 𝐼𝑚𝑎𝑥
2 /8)         Equation 6-2, 

where 𝑙 and 𝐴 is the length and cross-section area of single nanowires, and 𝐼𝑚𝑎𝑥 is the 

maximum current of single nanowires. From Equation 6-2, it can be concluded that both 

increased cross-sectional area 𝐴 and increased Si doping concentration in n+-GaN segment 

(higher electrical conductivity 𝜎) lead to the increase of maximum current 𝐼𝑚𝑎𝑥. Meanwhile, 

with the same Si doping concentration in n+-GaN segment, the maximum current 𝐼𝑚𝑎𝑥  is 

proportional to the nanowire cross-sectional area 𝐴. Due to nearly constant maximum voltages 

value 𝑈𝑚𝑎𝑥 versus nanowire diameter (Figure 6-10 (a)) for the same Si doping concentration, 

the maximum power, which is the product of 𝐼𝑚𝑎𝑥 and 𝑈𝑚𝑎𝑥, is therefore proportional to cross-

section area, which is consistent to what is shown in Figure 6-10 (b). Besides, based on 

Equation 6-2, with a constant nanowire cross-sectional area 𝐴 , an increased doping 
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concentration (higher electrical conductivity 𝜎) leads to an increase in maximum current 𝐼𝑚𝑎𝑥, 

corresponding to higher maximum power, which is also consistent to the measurements shown 

in Figure 6-10 (b). 

Shown in Figure 6-10 (b), with Si doping temperature of 1350 °C used for the growth of 

n+-GaN segment, the maximum power in a GaN single nanowire was measured to be 96.84 

mW, which is comparable to results reported in [596]. In Figure 6-10 (c), it can be observed 

that the maximum current density increases significantly with the increased Si doping 

temperature used for the growth of n+-GaN segment, because contact resistance of n+-GaN 

segment decrease with the increasing Si doping concentration [630] which is in exponential 

relationship with Si doping temperature used for the growth of n+-GaN segment [630, 634]. 

By tuning the Si doping concentration of n+-GaN segment, the maximum current density was 

enhanced significantly and the maximum current density of 4.65 MA/cm2
 (11.3 mA measured 

from GaN single nanowire with diameter of ~ 612 nm) was achieved using Si doping 

temperature of 1350 °C for the growth of n+-GaN segment. The maximum current density 

achieved is higher than the reported value of ~ 0.06 MA/cm2
  (244 µA measured from GaN 

single nanowire with diameter of ~ 800 nm) [596].  

As shown in Figure 6-10 (d), the maximum power increases linearly with maximum 

current density. The achieved high maximum power and maximum current density show the 

merits of n-i-n-n+ GaN single nanowires selective-area grown on Si substrates and the quality 

of Si doping tuning to reduce the contact resistance. The observed experimental results could 

be adopted as a guidance to further enhance the electrical characteristics of single nanowires. 

6.9 Summary 

With AlN/GaN:Ge buffer layer, selective area epitaxy of uniform GaN nanowire arrays 

has been achieved on Si substrates with Ti mask. The nanowire arrays are aligned vertically on 

Si substrate and exhibit well-controlled size and position, after extensive efforts on the 
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exploration of suitable buffer template and optimization for growth parameter and pattern 

fabrication processes. The properties of n-GaN nanowire array selective-area grown on Si 

substrates were further investigated in photoelectrochemical reactions for hydrogen 

production. The PEC characteristics of current saturation is much improved in our results, 

compared to the recent PEC study using InGaN-GaN microwire array selective-area grown on 

GaN/sapphire substrates. Our PEC results present a relatively high Jph of 2.12 mA/cm2 and 4.39 

mA/cm2 (at 1.2 V versus NHE) under the AM 1.5G illumination of 350 mW/cm2. The PEC 

results further demonstrate the high conductivity of the ultra-thin AlN/GaN:Ge buffer template. 

The high electrical conductivity of ultra-thin AlN layer has been demonstrated through the 

growth of ultra-thin AlN layer on Si solar cell with a Si tunnel junction and photovoltaic 

characterizations of the resulting Si solar cells. Moreover, two-point electrical nanoprobing 

was performed on n-i-n-n+ GaN single nanowires selective-area grown on Si substrate for a 

systematic investigation of electrical characteristics including maximum voltage, current 

density and power. The electrical characteristics of n-i-n-n+ GaN single nanowires depend on 

nanowire diameter and contact resistance which are closely related to Si doping concentration 

of n+-GaN segment. By tuning the Si doping temperature used for the growth of n+-GaN 

segment, electrical characteristics of GaN single nanowires has been improved dramatically, 

and a high maximum current density of 4.65 MA/cm2 and a high maximum electric field of 

17.02 MV/m have been achieved. The experimental approach and results are relevant for the 

development of vertical GaN-based nanowire electronic devices on Si substrates and III-

nitride/Si integrated multijunction solar cells.  
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Chapter 7: Selective-Area Grown AlInGaN Nanowires on Si: Suppressing the 

Nonradiative Surface Recombination for Solar Cells 

7.1 Introduction 

To make low cost and efficient optoelectronic devices and electronics, it is highly desired 

to monolithically grow and fabricate high efficiency III-V materials and III-V devices on low 

cost and large area Si substrate [248, 249, 283, 498-502]. While other substrates such as 

GaN/sapphire has a few considerable disadvantages, Si substrates exhibit comprehensive 

advantages, including high electrical conductivity, high crystal quality, good thermal properties 

and low cost [503]. Particularly important for high efficiency photovoltaics and artificial 

photosynthesis, the direct epitaxy of InGaN on Si substrate promise the direct integration of 

the commercialized Si solar cell with III-nitride devices exhibiting tunable absorption spectrum 

[508]. The energy bandgap or absorption spectrum of InGaN alloy can be continuously varied 

from 0.7 to 3.4 eV. Si with a bandgap of ~ 1.1 eV is ideally suited for the bottom junction of a 

double-junction solar cell. An energy bandgap in the range of 1.6 to 1.9 eV is required for the 

top-cell in a Si-based tandem solar cell [624], but there are few materials that can offer large 

open circuit voltage (Voc) in this energy bandgap range.  

Benefitting from the efficient strain relaxation, GaN-based nanowire can be grown with 

thicker absorption segments and higher In content in active segments, which are essential for 

high-efficiency solar cell [298] but have been greatly limited by the critical thickness related 

to mismatchs in multiple quantum well (MQW) epilayers and other planar heterostructures 

[635]. Alternative to the mechanical stacking [636, 637] and direct wafer bonding to 

mechanically integrate III-nitride devices and Si solar cell [638, 639], the direct epitaxy and 

monolithic integration of III-nitride nanowires on Si substrate is a viable method to making III-

nitride/Si multiple-band or multiple-junction devices exhibiting full-solar-spectrum absorption 
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and hence high theoretical efficiency in the range of 31-38% under AM1.5G illumination of 

one Sun [640]. 

In the conventional spontaneous nanowire growth, the spontaneous formation leads to 

fluctuations in nanowire diameter, nanowire length and position, which causes a spatial 

variation in the In composition [253, 463] and diameter-dependent variation in the dopants 

incorporation [641, 642]. Such spatial variations in adatoms incorporations and variations in 

nanowire dimensions degrade the optical and electrical properties of optoelectronic devices 

including spectral intensity, spectral linewidth, current-voltage output characteristic and device 

efficiency.  

Moreover, the light absorption and the photons converted to a photocurrent are 

proportional to the surface coverage of the active region [298]. In this regard, thick InGaN 

active regions is essential for solar cells, especially for nanowire solar cell which covers much 

smaller surface area vertical to incident sunlight. The spontaneous growth of multi-junction 

nanowire solar cells and nanowire solar cell with thick active regions encounter the difficulty 

of controlling the nanowire morphology, resulting in coalescence of nanowires.  

In this chapter, (Al)InGaN-based nanowire arrays will be grown on Si substrates using the 

technique of selective area epitaxy on Si substrate which has been developed and discussed in 

Chapter 6. The selective area epitaxy of nanowires on Si can lead to superior structural, optical 

and electrical properties that are well suited for the development of large area nanowire 

optoelectronic devices, especially solar cells. Moreover, the flexibility of controlling nanowire 

dimension and position also enable the possibility of photonic crystal effects leads to the 

enhancement of light absorption and the reduction in light reflection for nanowire solar cells 

[475-484]. 

The commonly reported axial III-V nanowires suffer from large nonradiative surface 

recombination associated with the presence of surface states, leading to the behavior of low 
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carrier lifetime [252, 643] and large leakage current [24, 306, 644] in optoelectronics device. 

Due to large surface-to-volume ratio, the significant nonradiative surface recombination is one 

of the primary bottleneck to improve the efficiency of III-nitride nanowire devices, including 

poor carrier injection efficiency in InGaN/GaN nanowire LEDs [132] as well as relatively low 

fill factor (FF) [306, 645] and relatively low Voc [645, 646] in nanowire solar cells. Great efforts 

have been made and various approaches have been applied to suppress nanowire surface 

recombination [126, 252, 254, 306]. With multiple AlGaN layers incorporated in the nanowire 

active region, the carrier injection efficiency and output power of nanowire LED devices can 

be dramatically improved [126, 252, 254]. However, the approach using multiple AlGaN layers 

is not suitable for photovoltaics applications, due to the creation of large barriers for the carrier 

collections. Other passivation techniques lead to a complexity in the device design, synthesis, 

and fabrication process [306]. Based on the development of self-organized AlInGaN nanowires 

LEDs which has been discussed in Chapter 5, in this chapter, it is demonstrated that the Al 

incorporation maintains its effectiveness on surface passivation in selective-area epitaxy of 

much thicker active segments (∼ 0.29 μm) for photovoltaics applications. 

To meet the needs of high efficiency nanowire optoelectronics device integrated with 

large area Si substrate and overcome the associated difficulties, close-packed AlInGaN 

quaternary nanowire arrays with precisely-controlled nanowire dimensions and positions, have 

been selective-area grown on Si substrate and monolithically fabricated with Si substrate into 

a vertical type p-i-n optoelectronics device with a substrate exhibiting good thermal and 

electrical conductivity. The Ti-mask selective area epitaxy of green-emitting AlInGaN 

nanowire arrays exhibiting uniform size and height distribution was conducted by using MBE. 

With the spontaneously-formed core-shell structure in the AlInGaN active segment, the green-

emitting nanowires vertically aligned on Si substrate were precisely arranged to exhibit high 

pack efficiency, making efficient optoelectronic device filling the “green gap” [174, 175, 647]. 
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The output characteristics of AlInGaN nanowire devices were measured under the AM 1.5G 

illuminations of one-sun and 30-sun light intensity. Without cooling and under 30-sun 

illumination, the nanowire devices exhibited stable and repeatable output characteristics, 

benefitting from the good heat dissipation of Si substrate.  

This work presents the first demonstration of efficient AlInGaN nanowire optoelectronic 

devices selective-area grown on Si substrates, particularly for photovoltaics applications under 

high power and relatively high temperature operation. This green-emitting AlInGaN nanowire 

solar cells monolithically integrating the solar energy harvesting (from light to electricity) and 

light emission (from electricity to light) through a single chip [648-651]. Such a light-emitting 

solar cells can promise various novel functions of existing applications, such as mobile phone 

displays which can get recharged under sunlight, and street lights or building facade which 

absorb solar energy during the daytime and emit light at night [652, 653]. 

7.2 Selective Area Epitaxy of AlInGaN Nanowire Array on Si Substrate 

A typical schematic for selective area epitaxy of GaN:Si/AlInGaN/GaN:Mg nanowire 

heterostructures on patterned Si wafers is shown in Figure 7-1 (a). As shown in the schematic 

of Si substrate, nanohole-array Ti mask was fabricated on a template consisting of ultra-thin 

AlN and GaN:Ge buffer layers. Such a ultra-thin AlN buffer layer is used as the seed layer for 

the ultra-thin GaN:Ge buffer layer grown above. It has been found that, the morphology and 

polarity of selective-area grown GaN nanowires mainly depend on the polarity of the 

underlying AlN buffer layer which can be controlled by varying V/III flux ratios during the 

AlN growth [404, 519, 602]. However, in our AlN/GaN:Ge buffer template, the effects of ultra-

thin AlN buffer layer on the nucleation and polarity of GaN buffer layer and GaN nanowires 

still require further investigations. In order to make the resistance of the AlN/GaN buffer 

template negligible on the current flow through the AlInGaN nanowire device, in this study, 
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the used AlN and GaN:Ge buffer layers are ultra-thin. The high electrical conductivity of ultra-

thin buffer temperate have been justified in Chapter 6.  

  

                                              (a)                                                               (b) 

Figure 7-1: (a) Schematic illustration of the selective area epitaxy of 

GaN:Si/AlInGaN/GaN:Mg nanowire heterostructures on n-Si/AlN/GaN:Ge substrate using 

nanohole-array Ti mask. During the selective area epitaxy, Ga atoms epitaxially accumulate in 

hexagonal nanohole openings and form nucleation sites. Subsequently, nucleation sites grow 

into full nanowire heterostructures. (b) Bird’s-eye-view SEM image of close-packed AlInGaN 

nanowire array. The inset is the top-view SEM image. Nanaowire array was arranged in a 

triangular lattice with a lattice periodicity of 320 nm.  

Nanohole-array patterns were defined by electron-beam lithography (EBL) on Ti layer to 

create the Ti mask for selective area epitaxy of III-nitride nanowire array. In this study, the 

pattern of Ti mask is was an array of hexagonal openings with a side length of 102 nm (a 

diameter of 204 nm) and such a nanohole array was arranged in triangular lattice with a 

periodicity of 320 nm. Taking advantages of the flexibility of controlling the diameter and 

periodicity of hexagonal openings, the packing efficiency of nanowire can be increased up to 

unity to improve light absorption of nanowire array and hence improve device efficiency. 

Schematically shown in Figure 7-1 (a), Ga atoms fill the hexagonal nanoholes to form Ga 

nucleation sites and then grows into full nanowire heterostrucutre. Each AlInGaN nanowire 

500 nm

500 nm
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heterostructure consists of ∼ 0.49 μm Si doped n-GaN segment, ∼ 0.29 μm AlInGaN active 

segment and ∼ 0.15 μm Mg doped p-GaN segment. Under careful optimization of growth 

parameters and growth duration, high nanowire array packing efficiency was achieved, 

avoiding the coalescence between neighboring nanowires. 

Table 7-1: Growth conditions of AlInGaN segments. 

Sample BEPAl (×10−9 Torr) BEPIn (×10−8 Torr) BEPGa (×10−8 Torr) Tgrowth (°C) λPL peak (nm) 

A - 7.65 1.78 700 527.9 

B 1.46 7.65 1.78 700 525.5 

C 3.36 8.46 1.78 710 522.3 

D 4.26 9.52 1.78 715 515.9 

 

On the patterned substrates, GaN:Si/AlInGaN/GaN:Mg nanowire heterostructures were 

selectively grown in a MBE system (Veeco, GenXplorTM), with extensive efforts on the 

optimization for growth parameter and nanohole pattern designs. Prior to the nanowire epitaxy, 

the nitridation of Ti mask layer was carried out in the growth chamber at 400 °C for 10 min. 

The growth conditions for Si-doped n-GaN segments included a growth temperature of 885 °C, 

a N2 flow rate of 0.35 sccm, a forward plasma power of 350 W, a Ga beam equivalent pressure 

(BEP) of 2.35×10−7 Torr and Si Knudsen effusion cell temperature of 1175 °C which 

corresponding to a Si doping concentration estimated to be 1.43×1019 cm-3. Different Growth 

conditions of the AlInGaN segments are given in Table 7-1. For the growth of AlInGaN 

segments, the N2 flow rate was 1.5 sccm. The Mg-doped p-GaN segment includes one lightly 

Mg-doped GaN bottom layer grown using Mg BEP of 2.04×10−9 Torr and one heavily Mg-

doped GaN top layer grown with Mg BEP of 2.91×10−9 Torr. The other growth parameters for 

the Mg-doped p-GaN layer included Ga BEP of 2.35×10−7 Torr, substrate temperature of 

870 °C and N2 flow rate of 0.55 sccm.  
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Figure 7-2: Transmission electron microscopy image of selective-area grown AlInGaN 

nanowire heterostructres depsersed onto copper TEM grid. The marked bottom of nanowires 

presents GaN:Si nucleation sites with smaller diameters. 

At the elevated growth temperature much higher than the case of spontaneously-formed 

nanowires, which was 30-50 °C higher in both of our MBE systems (GENxplorTM and GEN 

IITM) for the selective area epitaxy of GaN:Si segments, the Ga sticking coefficient in the 

patterned openings with the exposed GaN:Ge surface is higher than the Ga sticking coefficient 

on the mask material. Taking advantages of such a difference in Ga sticking coefficient on 

different surfaces, with the optimized Ga flux, the epitaxy of GaN:Si segments only take place 

on predetermined preferential sites on the patterned substrate. The n-GaN nucleation site, 

which is confined and shaped by the hexagonal opening of Ti mask, can be clearly observed at 

the bottom of selective-area grown nanowires, shown in Figure 7-2. The bottom-most region 

of nanowire exhibits smaller diameter due to the restriction of nanohole opening, as shown in 

Figure 7-2. Once the n-GaN grows beyond the Ti mask, nanowire diameter increases 

dramatically. Compared to bottom n-GaN segment and top p-GaN segment, the AlInGaN 

active segment exhibits relatively larger diameter due to larger lateral growth rate resulted from 

the lowered growth temperature of AlInGaN active segment and Al incorporation. 

Compared to that of Al and Ga atoms, the desorption of In atoms is much stronger [105]. 

To enhance the incorporation of In atoms in the AlInGaN segments, the growth temperature 

was reduced to 700-715 °C and N2 plasma flow rate was increased from 0.35 to 1.5 sccm. 

However, the incorporation of Ga is also enhanced at lower growth temperature and higher 
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flow rate, compared to that at the higher growth temperatures used for n-GaN and p-GaN 

segments. In this regard, relatively lower Ga BEP was used for the epitaxy of AlInGaN segment. 

The adopted III/V ratio for AlInGaN segment was much lower than that for GaN:Si segment. 

Reduced growth temperature and reduced III/V ratio resulted in a low degree of growth 

selectivity between patterned region and mask material during the growth stage of AlInGaN 

segment. To achieve uniform, closed packed and high crystal quality AlInGaN nanowire arrays 

and hence superior device performance, it is essential to achieve uniform GaN:Si nanowire 

arrays with a perfect selectivity surrounding GaN:Si nanowires, which requires well-optimized 

growth parameters (III/V ratio, growth temperature and Ga flux) and well-controlled pattern 

parameters in Ti masks (nanohole size and array periodicity). In the case that undesired 

spontaneously formed GaN:Si nanowires nucleate and grow on mask material due to improper 

growth parameters used for GaN:Si, the subsequent segments including AlInGaN and GaN:Mg 

will also epitaxially grow on those undesired GaN nanowires. During the growth stages of 

AlInGaN and GaN:Mg, those undesired nanowires may grow and combine with neighboring 

selective-are grown nanowires, leading to undesired coalescence and hence undesired 

dislocation, nonuniform growth rate and nonuniform nanowire size in the selective-area grown 

nanowire arrays.  

Figure 7-1 (b) shows the field-emission SEM image of the close-packed AlInGaN 

nanowire array grown on the patterned Si substrate with AlN/GaN:Ge buffer template. The 

morphology and size of vertically aligned AlInGaN nanowire are precisely determined by the 

opening in the Ti mask. The nanowire diameter and lattice periodicity of nanowire array can 

be varied by changing the nanohole size and lattice periodicity in the Ti mask. The uniform 

nanowire array exhibits Ga-polarity based on the observation of semipolar top facets and 

hexagonal pyramid morphology at the top. This suggests that the selective area epitaxy of well-



 

152 

 

 

ordered Ga-polar AlInGaN nanowire array can be achieved on Si substrates using a ultra-thin 

AlN/GaN:Ge buffer template.  

7.3 Characterizations of AlInGaN Nanowires Selective-Area Grown on Si Substrates 

7.3.1 PL and Structural Characterization Methods 

In this section, photoluminescence (PL) and structural properties of four representative 

green-emitting nanowire samples are presented firstly. Those four samples differed in 

(Al)InGaN segments grown using various MBE growth parameters, as shown in Table 7-1. 

During the epitaxy of those four nanowire samples, growth parameters for GaN:Si and 

GaN:Mg segments were same. 

PL measurements were performed by using a 405 nm laser as the excitation source. A 

visible neutral density filter was used to adjust the power of incident laser beam in the range of 

0.03-65.43 mW, which excited the (Al)InGaN nanowires. A high-resolution spectrometer was 

used to collect and resolve the emitted light from nanowire arrays, and a liquid N2 cooled 

charge coupled device (CCD) was used for the light detection in the visible range. Low-

temperature PL measurements were carried out at the temperature of 78.0 K by using a liquid 

N2 closed-loop cryostat. 

The structural characterizations of selective-area grown AlInGaN nanowire 

heterostructures were performed with transmission electron microscopy (TEM) and scanning 

transmission electron microscopy (STEM) by using a S/TEM system (Tecnai F20, FEI) 

equipped with a 4k×4k CCD camera (Oneview, Gatan). Selective-area grown AlInGaN 

nanowire heterostructures were dispersed onto copper grid for the S/TEM sample preparation, 

as shown in Figure 7-2. The high-angle annular dark-field (HAADF) atomic-number contrast 

images of nanowire heterostrucutres shows bright contrast at the center and dark contrast at the 

sidewall of the AlInGaN segment. Based on the HAADF image of nanowire heterostructures, 

the energy dispersive x-ray spectrometry (EDXS) analysis were further conducted to reveal the 
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Al, In and Ga elemental profiles of the overall nanowire by line scan along the axial direction 

(growth direction), and the Al, In and Ga compositional variation of AlInGaN segment by line 

scan along the radial direction together with EDX elemental mapping. 

7.3.2 PL and STEM Characterizations of AlInGaN Nanowire Array 

As shown in Figure 7-3, the PL emissions of AlInGaN nanowire samples were firstly 

measured at room temperature. Summarized in Table 7-1, the peak emission wavelength (λPL 

peak) of nanowires A, B, C, and D varies in the range of 515.8-527.9 nm, corresponding to the 

photon energy of 2.349-2.404 eV. With the increasing Al BEP and increasing growth 

temperature (Tgrowth), the Al content of active segment increases, leading to the blueshift of 

peak wavelength.  

The PL emission spectral linewidths indicated by full-width-half-maximum (FWHM) 

vary in the range of 32.4-42.9 nm, corresponding to the energy of 146-200 meV, which are 

smaller than reported spectral linewidths of spontaneously grown green-emitting InGaN/GaN 

QDs nanowire array and InGaN QWs epilayers [513, 654, 655]. Spontaneously grown green-

emitting InGaN/GaN QDs nanowire array generally exhibit spectral FWHM linewidths in the 

range of ~ 58-87 nm [254, 463, 472, 473]. Broad emissions of spontaneously grown 

InGaN/GaN QDs nanowire array are resulted from InGaN alloying, large inhomogeneous 

distribution of In content in each nanowire, and compositional variations due to fluctuations in 

nanowire diameter and position in the spontaneous formation [463]. With precisely controlled 

nanowire size and position, green-emitting InGaN/GaN QW nanowire arrays (thickness of 

active segment: ~ 50 nm) selective-area grown on GaN/sapphire generally exhibit narrower 

spectral linewidths, such as linewidth of 27 nm (135meV) [497] with the peak wavelength of 

506 nm and linewidths of 31.5-37.5 nm with the peak wavelength of 529.1-543.3 nm [656]. In 

this study of nanowire arrays selective-area grown on Si substrate, the incorporation of Al in 

active segment and increased thickness of active segment (~ 5 times thicker ) do not increase 
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the linewidth (32.4-42.9 nm with λPL peak in the range of 515.8-527.9 nm) in a considerable 

difference, compared to the generally reported values for green nanowire arrays grown on 

GaN/sapphire [656],.  

 

Figure 7-3: (a) PL spectra of (Al)InGaN nanowires A, B, C and D grown using different 

growth conditions summarized in Table 7-1, showing a blueshift in the emission peak with the 

increasing Al beam equivalent pressure (BEP) and increasing growth temperature (Tgrowth).  

To reveal the nature and growth mechanism of selective-area grown AlInGaN nanowire 

heterostructures, structural characterizations were further performed using scanning 

transmission electron microscopy (STEM) and element energy dispersive spectroscopy (EDS) 

analysis. The high-angle annular dark-field (HAADF) atomic-number contrast image of a 

AlInGaN nanowire heterostructure is shown in Figure 7-4 (a), in which the distribution of light 

elements (Al element) show dark constract and heavy elements (In element) show bright 

constrast. In Figure 7-4 (a), it is presented clearly from bottom to top that n-GaN segment, 

AlInGaN active segment and p-GaN segment exhibit tapered and facted hexagonal structure 

with Ga polarity. The HAADF image of AlInGaN segments presents bright contrast at the 

center and dark contrast at the sidewall, indicating the formation of a core-shell structure.  

In order to identify the Al, Ga and In element distributions, EDS elemental mapping scans 

was performed corresponding to AlInGaN segment in the HAADF image. As shown in Figure 

7-4 (b), the Al and In elemental distributions of AlInGaN segment exhibit tapered structure, 
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which is consistent to what are observed from HAADF images and SEM images. The In 

element exhibits high-density distribution at the center and low-density distribution at the 

sidewall of AlInGaN segment, and In element is well confined in the center region of the 

AlInGaN segment. In addition, the Al and Ga element extend over a wider range than In 

element over the radial direction of AlInGaN segment, indicating the formation of AlGaN shell 

is formed surrounding an In-rich core region.  

 

Figure 7-4: (a) An HAADF-STEM image of a GaN:Si/AlInGaN/GaN:Mg nanowire 

heterostructure epitaxially grown on Si substrate. The labelled regions are AlInGaN active 

segments showing the In-rich AlInGaN core and AlGaN shell by atomic-number contrast. (b) 

EDS elemental mapping images of the variations in Ga, Al, In and overall elemental 

distribution within AlInGaN active segment showing the presence of In-rich AlInGaN core and 

AlGaN shell. Quantitative variation of Ga, Al and In elemental profiles derived from EDS line 

scans (c) along longitudinal direction as marked by dashed line in the inset image and (d) along 

radial direction as marked by dashed line in the inset image, respectively, presenting an 

AlInGaN core-shell structure.  

To further reveal the compositional variation precisely, EDS line scans were conducted 

along the nanowire longitudinal and radial directions. As shown in Figure 7-4 (c), the elemental 

profiles along the longitudinal direction (the inset image of Figure 7-4 (c)) present clearly one 
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AlInGaN segment in the middle region and two GaN segments in the top and bottom regions 

of the nanowire. The variations of In, Ga and Al signals in the active segments are resulted 

from the tapered nanowire heterostruture. As shown in Figure 7-4 (d), EDS line scan along the 

radial direction (the inset image of Figure 7-4 (d)) reveal the composition variations laterally. 

Shown in Figure 7-4 (d), the In content exhibits a maximum at the nanowire center and drop 

remarkably towards the sidewalls. In contrast, the Al and Ga signal extend over the whole line 

scan range. The results of EDS line scan along radial direction are consistent with conclusions 

based on the observations and analyses on HAADF images and EDS mapping scans, providing 

unambiguous evidences for the In-rich core and AlGaN shell nanoscale heterostructure formed 

in AlInGaN nanowires selective-area grown on Si substrate. The underlying formation 

mechanism of such an In-rich core and In-deficient shell structure is directly related to strong 

In desorption and low In incorporation at the lateral surfaces. At relatively high growth 

temperatures, In atoms experience much stronger thermal desorption compared to Ga and Al 

atoms [105]. At the top surfaces of the growth front, the direct impingent In adatoms and 

diffusive In adatoms can immediately compensate the desorbed In atom. In constrast, the 

supply of In adatoms to the lateral surfaces is limited due to the the shadowing effect of 

neighboring nanowires [105, 657]. In addition, In incorporation on m-plane is very low 

compared to that on polar and semi-polar planes under identical growth conditions [658]. The 

spontaneous formation of the large bandgap AlGaN shell surrounding the In-rich core is also 

attributed from the smaller Al adatom diffusion length compared to Ga and In adatoms [252]. 

Due to its small diffusion length, Al adatoms incorporate at the sidewall of bottom GaN:Si 

segment, which is justified by the Al signal extending over bottom GaN:Si segment (position 

from 450 to 940 nm in Figure 7-4 (c)). Accompanied with such Al incorporation at the sidewall 

of bottom GaN:Si segment, at the growth front of AlInGaN active segment, the Al adatoms 

facilitate the lateral growth of AlGaN shell up to the thickness of 18-37 nm as well as the 
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longitudinal growth. Importantly, such a large bandgap AlGaN shell provides a radial surface 

passivation for In-rich core to suppress nonradiative surface recombination of nanowire active 

segment [581]. 

To further reveal the effect of Al incorporation on thick active segment of SAE nanowire 

array, extensive power-dependent PL measurements have been conducted on Nanowires A 

(InGaN) at room temperature (RT) and Nanowires C (AlInGaN) at both room temperature and 

78.0 K. Variations of PL peak wavelength, FWHM of PL peak, and integrated PL peak versus 

excitation power are summarized in Figures 7-5 (a), (b) and (c), respectively.  

 

                             (a)                                           (b)                                          (c) 

Figure 7-5: Variations of (a) PL peak wavelength, (b) FWHM of PL peak, and (c) integrated 

PL peak intensity versus excitation power, summarized from PL spectra of Nanowires A 

(InGaN) measured at room temperature (RT) and Nanowires C (AlInGaN) measured at both 

room temperature and 78.0 K. The excitation power was varied in the range of 0.24-65.42 mW 

for the measurement of InGaN nanowire at RT, in the range of 0.10-62.7 mW for the 

measurement of AlInGaN nanowire at RT, and in the range of 0.03-65.4 mW for the 

measurement of AlInGaN nanowire at 78.0 K. 

As observed in Figures 7-5 (a) and (b), the blueshift of peak wavelengths and the 

narrowing of emission peaks from the measurements at both room temperature (RT) and 78.0 

K are remarkable in the low-power range (less than ~ 4.34 mW), resulted mainly from state 

filling of localized states formed by potential fluctuation and the screening of quantum-

confined Stark effect (QCSE). The presence of QCSE leads to redshift in the emission energy, 

however, photoexcited carrier screens the electric field and results in reduction of the QCSE 
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[659-662]. The screening of QCSE is enhanced with increasing excitation power, leading to 

blueshifts in emission energy and narrowing of emission peaks. As shown in Figures 7-5 (a) 

and (b), in the low-power range, the emission peak of AlInGaN nanowires measured at 78.0 K 

show a larger blueshift and a more significant narrowing than that measured at room 

temperature, indicating there are considerable thermal broadening effect and thermal redshift 

effect on nanowires measured without cooling at room temperature. As shown in Figure 7-5 

(a), with excitation power varied in the range from 0.24 to 65.42 mW, the PL peak wavelength 

of InGaN nanowires exhibits a blueshift from 533.03 nm to 527.91 nm, corresponding to an 

increase in the peak photon energy of 22.58 meV. In the above excitation power range, the PL 

peak wavelength of AlInGaN nanowires exhibits a smaller blueshift from 526.48 to 522.33 nm 

at room temperature, corresponding to an increase in the peak photon energy of 15.27 meV 

which is smaller than that of InGaN nanowires. The smaller blueshift observed from AlInGaN 

nanowires could be attributed to reduced QCSE in AlInGaN active segment benefited from 

less internal stress field due to Al incorporation into InGaN. In the high-power range of Figure 

7-5 (a), there are weak peak blueshifts attributed mainly from state filling effect, considering 

that QCSE is suppressed in high power range. In the high-power range, InGaN and AlInGaN 

nanowires excited at room temperature exhibit remarkable linewideth broadening, while there 

is no significant varations in the PL linewidths of AlInGaN nanowires cooled at 78.0 K. The 

linewideth broadening of AlInGaN nanowires in the high-power range is moderate compared 

to that of InGaN nanowires. This indicates that there are less thermal broadening effects on 

AlInGaN nanowires array, benefiting from suppressed non-radiative recombinations occuring 

at the surface of nanowire active segments. As shown in Figure 7-5 (c), with the PL intensity 

integrated over the 2FWHM width range of emission peaks, the integrated PL intensity of 

AlInGaN nanowires is nearly 2.4 times as high as that of InGaN nanowires arrays grown 

without Al incorporation, attributed to the reduced surface recombination and two-dimensional 
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radial effective carrier confinement offered by the core-shell structure. The excellent quality of 

these AlInGaN nanowire arrays is evidenced by the PL characteristics and the following 

demonstration of improved nanowire solar cells with stable and improved output characteristics 

compared to  the previously reported. 

7.4 Device Fabrication of AlInGaN Nanowires on Si Substrates 

Shown in the schematic of the selective-area grown nanowire device in Figure 7-6 (a), 

GaN:Si/AlInGaN/GaN:Mg nanowire arrays selective-area grown can be fabricated to form a 

vertically conductive device integrating n-type Si substrate which exhibits high electrical and 

thermal conductivity.  

  

                                              (a)                                                                 (b) 

Figure 7-6: (a) Schematic illustration of GaN:Si/AlInGaN/GaN:Mg nanowire solar cell device 

on Si substrates. The top p-contact consisting of thin Ni/Au layers and a ITO layer exhibits 

high visible transmissivity. Ni/Au metal grid and Ti/Au metal layer were deposited on the top 

p-contact and backside of n-type Si substrate to supply electricity to an external circuit. (b) 

Bird’s-eye-view SEM image of exposed GaN:Mg regions of nanowire array with polyimide 

resist filled between nanowires. The inset is magnified image of exposed GaN:Mg regions. 

The fabrication process of 10×10 µm2, 30×30 µm2 and 90×90 µm2 SAE nanowire devices 

on Si substrates included the following steps. After the removal of SiOx layer at the backside 

of Si substrates by dipping samples in BOE, Ti (20 nm)/Au (100 nm) metal layers were 

deposited by e-beam evaporator at the backside of Si substrates to serve as n-metal contacts.  
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A polyimide resist layer was spin-coated onto samples to fully cover the nanowire arrays 

for planarization, followed by O2 plasma RIE to expose the GaN:Mg surfaces at the top of the 

nanowires. The exposed GaN:Mg regions were shown in Figure 7-6 (b).  

Thereafter, a SiOx dielectric layer was deposited onto exposed GaN:Mg nanowire arrays, 

followed by standard photolithography and etching techniques to create 10×10 µm2, 30×30 

µm2 and 90×90 µm2 openings. After the samples were dipped in concentrated HCl (37%) for 

1 min to remove any surface oxides at the exposed GaN:Mg surfaces, thin Ni (6 nm)/Au (6 nm) 

metal layers were then deposited by e-beam evaporator to serve as p-metal contacts. Following 

that, a 100 nm indium tin oxide (ITO) layer was deposited by radio frequency sputtering for 

efficient carrier transport. Figure 7-7 (a) shows the nanowire device surface after the p-contact 

(Ni/Au/ITO) layers lift-off. The p-contact layers were further processed with two-step 

annealing including a rapid thermal annealing at ~ 550 °C in N2 gas ambient for 1 min and an 

annealing at 300 ℃ for 1 hour in vacuum. To facilitate hole collection or current spreading, Ti 

(20 nm)/Au (100 nm) metal grid patterns were then deposited on the transparent ITO by 

standard photolithography, metal deposition and lift-off.  

7.5 Photovoltaic Characteristics of AlInGaN Nanowire Light-Emitting Solar cells  

7.5.1 Photovoltaic and EL Characterization Methods 

The electroluminescence characterizations of SAE nanowire devices were performed 

using a source meter (Keithley, SMU 2400). The p-metal pad at the top surface of a sample 

and n-metal at the backside of Si substrate were probed for current injection to SAE nanowire 

devices. 

The current-voltage characteristics of SAE nanowire solar cells were measured in the dark 

environment and under the illumination of 100 mW/cm2 from an AM 1.5G solar simulator 

(Newport, Oriel, LCS-100). The current-voltage characterizations under concentrated light 

were further carried out under the illumination of 3 W/cm2 from a Xenon arc lamp (Excelitas 
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Technologies, Cermax, R400-1) with an AM 1.5G filter. The filter tailors the spectral 

distribution of the Xenon arc lamp to match that of AM 1.5G. To study the dependences of 

short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and efficiency (η) 

on sample temperature, current-voltage characteristics of SAE AlInGaN nanowire solar cells 

were further measured on a cold plate (TE technology Inc., CP-031) integrated with a 

thermoelectric temperature controller (TE technology Inc., TC-48-20) under the illumination 

of 3 W/cm2 from a Xenon arc lamp. 

7.5.2 Photovoltaic Characteristics of Light-Emitting Nanowire Solar Cells 

Important to achieve high efficiency is a precise control of size and morphology of 

AlInGaN nanowires to achieve nearly dislocation-free nanowire array exhibiting a high degree 

of size uniformity as well as a high packing efficiency. Due to the insufficient absorption of 

solar radiation low packing efficiency or low surface coverage of nanowires practically limit 

the energy-conversion efficiency of nanowire photovoltaics and other nanowire 

optoelectronics applications. Schematically shown in Figure 7-6 (a), the top-illuminated SAE 

nanowire solar cell absorbs the photons through thick AlInGaN segments, produce holes and 

electron carriers, and supply photocurrent to an external circuit through top and bottom ohmic 

contacts. The device fabrication, enlargement and scale-up of such vertically conductive 

nanowire devices are relatively simple, compared to devices using horizontal conductions. 

As shown in Figure 7-7 (b), the current-voltage output characteristic of Nanowire A 

(InGaN) exhibit a relatively low Voc of 0.344 V and the current density increases remarkably 

in the reverse biasing region, indicating a considerable leakage current in the device of 

Nanowire A.  The performance of Nanowire A (InGaN) is severely limited by carrier leakage 

and the significant nonradiative carrier recombination associated with the presence of surface 

states on the surface of nanowire active segments. Voc, FF and η of nanowire devices increase 

remarkably with the increase in the Al incorporation in active segments, attributed to afore-
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observed core-shell nanoscale heterostructures which can provide effective two-dimensional 

(2D) carrier confinement in the active segment and effectively suppress nonradiative carrier 

recombination and carrier leakage on the nanowire surface. The measured Voc, FF and η of 

AlInGaN nanowire solar cells are much larger than the commonly reported values for InGaN 

nanowire solar cells [645, 646], and the measured Jsc is in the range of the commonly reported 

values [303, 645, 646].  

 

                                           (a)                                                     (b) 

Figure 7-7: (a) Bird’s-eye-view SEM image of SAE AlInGaN nanowire array at the top of 

which p-contact (Ni/Au/ITO layers) are selectively deposited in the opening of SiOx dielectric 

mask. The inset of (b) is magnified SEM image near the boundary between SiOx mask and p-

contact area. (c) Current-voltage output characteristics of SAE nanowires solar cells on Si 

substrates using Nanowire A, B, C, D and other two AlInGaN nanowire samples with higher 

Al composition. The measured samples differ in the growth parameters of (Al)InGaN active 

segments. The EL image of one 10×10 µm2 green-emitted SAE AlInGaN nanowire device is 

shown in the inset of (b).  

The EL image of one 10×10 µm2 green-emitted SAE AlInGaN nanowire device is shown 

in the inset of Figure 7-7 (b). It may be noted that there is a small variation in the PL 

wavelengths of the devices AlInGaN segments of Nanowire A, B, C and D, which may not 

lead to any major difference on the Voc and device efficiency. Compared to the remarkable 

increase in Voc from 0.344 V of Nanowire A (InGaN) solar cell to 1.103 V of Nanowire D 

(AlInGaN) solar cell, the increase in FF from 0.385 of Nanowire A (InGaN) solar cell to 0.659 

of Nanowire D (AlInGaN) solar cell and the increase in η from 0.585 % of Nanowire A 
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(InGaN) solar cell to 2.27% of Nanowire D (AlInGaN) solar cell achieved through optimum 

Al incorporation in active segments, the variation of 2.349-2.404 eV in PL peak photon energy 

is negligible. However, with the increase in the Al incorporation in active segments, the short-

circuit current density (Jsc) reduced from 4.415 mA/cm2 of Nanowire A (InGaN) solar cell to 

3.123 mA/cm2 of Nanowire D (AlInGaN) solar cell.  

The usage of concentrated sunlight usually increases the production of solar energy 

logarithmically per unit area due to increased photovoltage efficiency with light intensity,  

utilizing the solar radiance better and reducing the required solar-cell area, the amount of used 

semiconductor material, and cost [663]. To explore the potential and performance of SAE 

AlInGaN nanowire devices on Si substrate for operating under highly concentrated solar 

radiance, the output characteristics of Nanowire D solar cell were further measured under the 

illumination of 30-Sun light intensity.  

As shown in Figure 7-8, in the dark environment, the AlInGaN nanowire solar cell exhibit 

good diode characteristics, with a rectifying ratio of ~ 313 measured at −1.0 and 1.0 V. Jsc, Voc, 

FF and η of Nanowire D solar cell were measured to be 83.43 mA/cm2, 1.409 V, 0.628 and 

2.46% under 30-Sun illumination. As the light intensity is increased from 100 mW/cm2 to 3 

W/cm2, the Jsc increases dramatically and Voc depends logarithmically on Jsc, driving the rise 

of efficiency η under concentrated solar light illuminations. However, the Jsc does not exhibit 

exactly linear dependence on intensity, which might be due to the cooling of nanowire solar 

cell to 1.4 °C. Notably, 30-sun illumination yielded a high Jsc of 83.43 mA/cm2 and a high Voc 

of 1.409 V for a selective-area grown AlInGaN nanowire device on Si substrate, promising for 

high-power photovoltaics and other nano-optoelectronics applications. Figure 7-8 shows that 

output characteristic of output power versus Voc strongly depends on the temperature of cold 

plate, due to the heating effect of concentrated light generated by Xenon arc lamp as well as 

heat generation from the light not absorbed and not ultilized by nanowire arrays.  
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Figure 7-8: Current-voltage output characteristics of nanowire D solar cell measured in dark 

environment, under the illumination from an AM 1.5G solar simulator and under 30-Sun 

illumination from a Xenon arc lamp integrated with an AM 1.5G filter. For the measurement 

with 30-Sun illumination, the nanowire device was placed on a cold plate cooled to 1.4 ℃.  

As summarized in Figure 7-9 (a), with the increased temperature of cold plate from 1.4 °C 

to 27.0 °C, Voc of SAE AlInGaN nanowire solar cell decreases from 1.409 V to 1.307 V and 

Jsc increases from 83.43 mA/cm2 to 89.43 mA/cm2. As shown in Figure 7-9 (b), without the 

usage of cold plate for cooling, the AlInGaN nanowire solar cell exhibits stable and repeatable 

Voc under the 30-Sun illumination. This observation provide unambiguous evidence for the 

robustness and stability of such vertical-type device of SAE AlInGaN nanowire integrated with 

Si substrate.  

However, the further increased Al incorporation lead to reductions in Jsc and η measured 

from two other AlInGaN nanowires sample, due to the increased bandgap of AlInGaN active 

segment and possible generations of defect and dislocations associated with inhomogeneous 

strain and alloying.  
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                                (a)                                                                      (b) 

Figure 7-9: (a) Variations of short-circuit current density (Jsc) and open-circuit voltage (Voc) 

versus substrate temperature, summarized from current-voltage characteristics of nanowire D 

solar cell measured at different cold plate temperature under 30-Sun illumination. (b) 

Variations of open-circuit voltage (Voc) versus time, indicating the stability of nanowire solar 

cell device. Without the cooling of cold plate, Voc was measured from nanowire D solar cell in 

dark enviroment or under 30-Sun illumination from a Xenon arc lamp integrated with an AM 

1.5G filter. 

Table 7-2 summarizes the growth conditions of Nanowires E and F with higher Al 

compositions than those of Nanowires A, B, C and D. Compared to the small blueshift in peak 

wavelength of Nanowires A, B, C and D from 527.9 to 515.8 nm (photon energy of 2.349-

2.404 eV), the greatly increased Al incorporation in Nanowires E and F lead to remarkable 

blueshift in PL emission from green emissions of Nanowires A, B, C and D to blue emission 

(465 nm) of Nanowire E and deep-blue emission (432 nm) of Nanowire F.  

Table 7-2: Growth conditions of AlInGaN segments with higher Al composition.   

Sample BEPAl (×10−9 Torr) BEPIn (×10−8 Torr) BEPGa (×10−8 Torr) Tgrowth [°C] 

    E 6.78 11.23 2.23 725 

    F 7.54 11.23 2.23 725 

 

As shown in Figure 7-7 (b), the current-voltage output characteristic of Nanowires E and 

F exhibit relatively low current desnsity (Jsc) than Nanowires A, B, C and D, exhibiting relative 
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lower fill factor (FF) in the range of 0.594-0.615 and lower power-conversion efficiency (η) in 

the range of 1.71-2.19%. Open-circuit voltage of Nanowire F is 1.184 V, relatively lower than 

that of Nanowires E (1.264 V), possibly due to the presence of dislocation and defect associated 

with the dramatically increased Al incorporation. 

7.6 Summary 

The work discussed in this chapter presents two technical progress including I) the 

development of green-emitting AlInGaN nanowire array selective-area grown on patterned Si 

substrates with AlN/GaN:Ge buffer template, and II) the development of a relatively simple 

approache to suppress the nonradiative surface recombination of selective-area grown 

nanowires with a thick (Al)InGaN-based active segment for photovoltaics applications. This 

green-emitting AlInGaN nanowire solar cells monolithically integrating the solar energy 

harvesting and light emission through a single chip [648-651]. 

With precisely controlled dimensions and position, uniform and close-packed AlInGaN 

nanowire array can make efficient optoelectronic devices filling the “green gap” for the 

applications for optically-pumped green emitter, LEDs, photovoltaics and photodetections on 

low-cost, large-area Si substrate [174, 175, 647]. 

During the selective area epitaxy of AlInGaN segments, In-rich core and an Al-rich shell 

were spontaneously formed due to the stronger In desorption compared to Ga and Al atoms on 

the nanowire lateral surfaces and the smaller Al adatom diffusion length compared to Ga and 

In adatoms [252, 664, 665]. The spontaneously formed core-shell structure can effectively 

suppress the nonradiative surface recombination, leading to improved photovoltaic 

characteristics. The use of a relatively thick active segment (∼ 0.29 μm), AlInGaN core-shell 

structure and Si substrate in this work significantly increase the device stability and 

performance under high-power and relatively high-temperature operation, by highly absorbing 

of concentrated light intensity, minimizing nonradiative recombination, and enhancing the heat 
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dissipation, respectively. The power conversion efficiency of fabricated nanowire solar cell can 

be further improved by increasing the In composition to improve light absorption, optimizing 

Mg incorporation in the p-GaN segment (Mg:GaN) to achieve bettter carrier collection and 

improving light absorption through photonic crystal effect of nanowire array. 
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Chapter 8: Summary and Future Work  

8.1 Summary of Research Work in this Dissertation  

Driven by the needs for smaller size, reduced power consumption, enhanced efficiency 

and more advanced functions, extensive demanding applications require the development of 

high efficiency micro-scale or nano-scale photonic and electronic devices. Micro-scale and 

nano-scale materials and devices can be used for the integration into a limited space, the 

integration of dense devices into photonic and electronic systems, or the shrinkage of overall 

systems. For example, ultrahigh-resolution display technologies require the development of 

micro-scale color-tunable pixels monolithically integrated on a single chip [666]. 

The challenges in using organic materials and devices for these applications include 

limited lifetime [667], relatively expensive manufacturing process, relatively low efficiency 

and brightness, and poor stability [171, 172, 668]. Moreover, it has remained difficult to 

achieve micro-scale and nano-scale devices using organic materials [669, 670]. GaN-based 

planar heterostrucutres are bright, stable and efficient, but it has remained difficult to achieve 

efficient devices in the deep green, yellow and red spectral range by using GaN-based planar 

heterostrucutres [55, 56, 91, 671-674]. Smaller µm-scale InGaN-based epilayer LEDs exhibit 

better current spreading, higher maximum endured current density, more stable performance 

at high temperature, and wider droop-free regions in terms of current density, compared to 

larger devices [133, 530, 536-539]. It is very promising to use GaN-based materials for 

manufacturing µm-scale color-tunable LED devices, in contrast to OLED technology which 

currently exhibit lower efficiencies at smaller device size. However, the fabrication of µm-

scale InGaN-based epilayer emitters involves the use of dry etching process which introduce 

significant sidewall damage. 

Dislocation-free GaN-based nanowires have emerged as a promising candidate for 

applications in photonic and electronic devices. GaN-based nanowire heterostructures grown 
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on lattice-mismatched substrate can be nearly free of defects [96-101]. To date, with the use of 

InGaN nanowire structures, high efficiency emissions across the entire visible spectral range 

have been demonstrated [104, 105, 177]. This dissertation focuses on the development of GaN-

based nanowire heterostructures by using radio frequency plasma-assisted molecular beam 

epitaxy (MBE) as well as their various device applications for displays, illuminations, 

photovoltaics and transistors. 

To realize controllable and tunable full-color light generations from µm-scale LED 

devices, blue, green/yellow, and orange/red InGaN nanowire LEDs have been monolithically 

integrated on Si substrates. Such multi-color nanowire LED arrays are fabricated using a three-

step selective-area MBE growth process on Si substrates using SiOx mask. By varying the 

injection current to each monochromatic LED subpixel, the spectral power distribution of 

mixed light can be controllably tuned. The lateral-arranged monochromatic subpixels enable 

controlled light mixing at the chip level and yield color-tunable light emission with CCT values 

in the range from 1900 K to 6800 K, while maintaining excellent color rendering capability. 

Very large CRI values (> 85) can be achieved for devices with warm and neutral white light 

emissions (CCT < 5000 K), show the capability and accuracy of this approach for color 

tunability. The overall color-tunable InGaN pixel size of ~ 0.016 mm2 was achieved by using 

this approach. However, this approach requires three growth processes which is relatively 

complicated.  

In previous three-step selective-area growth using SiOx mask, each single-color µm-scale 

LED were made using spontaneously grown InGaN/GaN nanowires which exhibit 

considerable fluctuations in nanowire length, diameter and position. Such fluctuations in 

morphology and geometry result in considerable variations in InGaN composition and non-

uniform current injection in each device. Selective area epitaxy enables one to precisely control 

the size, position and morphology of nanowires, and hence achieve precisely controlled and 
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tunable emission wavelength. By incorporating InGaN QDs in nanowire arrays, diameter-

dependent emissions tuned from blue to red was achieved from the GaN-based single 

nanowires with different diameter on the same substrate and its mechanism was investigated. 

InGaN/GaN nanowire array show a redshift in emission with increasing nanowire diameter but 

a consistent spacing, due to the shadowing effect of neighboring nanowires in arrays with high 

packing density. Through selective area epitaxy of RGB GaN-based nanowire array on 

GaN/sapphire substrates with Ti-mask, a full-color pixel size of 7×7 µm2 has been achieved.  

The diameter-dependent emission of selective-area grown InGaN/GaN QDs single 

nanowires and its underlying mechanism is distinctly different from that of selective-area 

grown InGaN/GaN nanowire array. Due to more dominant contribution for In incorporation 

from the lateral diffusion of In atoms, the incorporation of In atoms at the nanowire top during 

the growth of InGaN/GaN active region is hindered with increasing nanowire diameters, 

resulting in the blue-shifting of the PL peak position with increasing diameter of single 

nanowires. Based on this achievement of full-color single nanowires selective-area grown on 

the same substrate, for the first time, the world’s smallest pixel size, high performance full-

color InGaN/GaN single nanowire LED pixel has been developed by using only one step 

epitaxial growth process. Compared to conventional planar devices, such nanowire LED pixels 

offer several distinct advantages, including significantly reduced dislocations and polarization 

fields, enhanced light extraction efficiency, controllable radiation pattern, tunable emission, 

and efficient current conduction and heat dissipation. Such nanowire LEDs also exhibit 

superior electrical performance, with a turn-on voltage of ~ 2 V and negligible leakage current 

under reverse bias. The monolithic integration of full-color LEDs on a single chip, coupled 

with the capacity to tune light emission characteristics at the single nanowire level, provides 

an unprecedented approach to realize ultra-small and efficient projection display, smart lighting, 

and on-chip spectrometer. 
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Recent studies have shown that the surface charge properties play a dominant role on the 

performance of nanowire devices such as nanowire LEDs and nanowire solar cells, due to the 

large surface-to-volume ratio. The commonly reported axial nanowire LEDs generally exhibit 

very low output power, due to large surface recombination and the resulting poor carrier 

injection efficiency. The output characteristics of axial nanowire solar cells are also limited by 

surface recombination. 

Spontaneously grown AlInGaN quaternary core-shell nanowire heterostructures have 

been demonstrated on Si substrate, wherein an In-rich core and an Al-rich shell were 

spontaneously formed during the epitaxial growth process. Such core-shell structures can 

largely suppress nonradiative surface recombination, leading to a significant enhancement of 

carrier lifetime from ~ 0.2 ns to ~ 2 ns and output power. By varying the growth conditions, 

the emission wavelengths can be tuned from ~ 430 nm to ~ 630 nm. 

It is highly desirable to develop precisely-controlled GaN-based nanowires on Si substrate 

using selective area epitaxy for various device applications such as vertical GaN-based 

nanowire field effect transistors (FETs) using wrap-around gate and InGaN/Si integrated 

double-junction solar cells. However, the current selective area epitaxy on Si substrate rely on 

the use of thick semiconducting buffer layers with large bandgap and the electrical and thermal 

advantages of Si substrates cannot be used for nanowire devices. To search the buffer layers 

suitable for selective area epitaxy on Si substrates, the effects of different ultra-thin buffer 

layers on the morphology of GaN nanowires have been investigated. With AlN/GaN:Ge buffer 

layer, uniform GaN nanowire array can be aligned vertically on Si substrate and exhibit smooth 

surfaces. Moreover, the high electrical conductivity of ultra-thin buffer layers has been justified 

by the resistance measurement of Si substrates deposited with ultra-thin AlN/GaN:Ge buffer 

template, output characterizations of Si solar cell with a ultra-thin AlN layer. Also, 

photoelectrochemical characteristics of current saturation has been improved and relatively 
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high photo-current density has been achieved using large area n-GaN nanowire array selective 

area grown on Si substrates. Electrical transport properties of vertically-aligned n-i-n-n+ GaN 

single nanowires on Si substrate have been systematically studied by using in-situ nanoprobing 

inside a SEM chamber. By tuning the Si doping concentration in n+-GaN segment, a high 

maximum current density of 4.65 MA/cm2 and a high maximum electric field of 170.2 KV/cm 

have been achieved. 

With precisely controlled dimensions and position, uniform and close-packed AlInGaN 

nanowire array was selective-area grown on Si substrates. Extensive structural 

characterizations provide unambiguous evidences for the spontanous formation of In-rich core 

and AlGaN shell nanoscale heterostructure in AlInGaN active segment. The spontaneously 

formed core-shell structure can effectively suppress the nonradiative surface recombination, 

leading to improved photovoltaic characteristics. It is demonstrated that the Al incorporation 

maintains its effectiveness on surface passivation in selective-area epitaxy of much thicker 

active segments (∼ 0.29 μm) for photovoltaics applications. The use of a relatively thick active 

segment (∼ 0.29 μm), AlInGaN core-shell structure and Si substrate significantly increase the 

device stability and performance under high-power and relatively high-temperature operation, 

by highly absorbing of concentrated light intensity, minimizing nonradiative recombination, 

and enhancing the heat dissipation, respectively. This green-emitting AlInGaN nanowire solar 

cells monolithically integrating the solar energy harvesting (from light to electricity) and light 

emission (from electricity to light) through a single chip. 

8.2 Suggested Future Work  

In Chapter 6 and Chapter 7, taking advantages of ultra-thin AlN/GaN:Ge buffer template, 

uniform and high quality GaN-based nanowire arrays and their devices have been developed 

on Si substrate using selective area epitaxy. However, the effects of ultra-thin AlN buffer layer 

on the nucleation and polarity of subsequently grown GaN buffer layer and GaN-based 
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nanowire still need further investigations. It is also promising to improve the characteristics of 

nanowire devices by controlling the polarity of nanowires selective-area grown on Si 

substrates. As elaborated from Chapter 3 to Chapter 7, various techniques and knowledge have 

been developed in the growth, device fabrications and characterizations of GaN-based 

nanowire heterostructures and their device applications for displays, illuminations, 

photovoltaics and transistors. Based on those techniques and knowledge, the following works 

are proposed to develop monolithic In(Ga)N/Si double-junction and multi-junction solar cells 

and color-tunable surface-emitting lasers.  

8.2.1 Efficient Yellow, Red and Near-Infrared GaN-based Nanowire Devices Grown on 

Si Substates Using Polarity-Controlled Ultra-Thin AlN/GaN Buffer Template  

The top morphology of nanowire, such as apex-like or being completely flat or tripod, 

cannot be controlled by varying the patterning design of Ti mask for selective area epitaxy. 

However, the top morphology of GaN nanowire is very critical for the formation of InGaN 

quantum dots (Figure 4-9) as well as engineering the photonic crystal effect of InGaN nanowire 

array. The various top morphology is results of different nanowire polarity, as shown in Figures 

8-1 (a) and (b). The polarity affects many properties of GaN-based materials, including growth 

kinetics, incorporation of dopants and built-in polarization fields [675, 676]. Moreover, 

InGaN/GaN quantum nanostructures forming on r-plane facets can lead to the advantages of 

reduced QCSE which acts as the key factor for resolving the “efficiency gap” of GaN-based 

materials in the yellow, red and near-infrared spectral range. So, it is important to precisely 

control the top morphology of GaN-based nanowire heterostructures which is related to their 

polarity.  

It has been recently found that, the morphology and polarity of selective-area grown GaN 

nanowires mainly depend on the polarity of the underlying AlN buffer layer which can be 

controlled by varying V/III flux ratios the AlN growth [404, 519, 602]. The different polarity 



 

174 

 

 

of GaN nanowire can be achieved by controlling N-polar or Ga-polar nucleation layer [404, 

519, 602] which is the GaN buffer layer grown on AlN buffer layer in this study. It was reported 

that the polarity of GaN buffer layer is determined by the underlying AlN buffer layer which 

adopts N-polar by Al-rich growth conditions and Al-polar by N-rich conditions [602]. Namely, 

the AlN buffer layer adopting either Ga-polar or N-polar nucleation layer can be used to grow 

Ga-polar or N-polar GaN-based nanowire heterostructures, as shown in Figures 8-1 (a) and (b). 

    

                (a)                      (b)                 (c)                                     (d) 

Figure 8-1: Schematics of (a) Ga-polar and (b) N-polar GaN-based nanowire heterostructures 

selective-area grown by controlling the polarity of underlying AlN/GaN buffer template. (c) 

Hierarchical structure of GaN-based nanowire heterostructure formed by using a pulsed growth 

mode. (d) Shematic of efficient micro-scale color-tunable array of RGB nanowire LEDs on a 

single Si substrate using ultra-thin polarity-controlled AlN/GaN:Ge buffer template. 

Additionally, if the polarity and morphology of the GaN nanowires can be precisely 

controlled, it can improve a quantum confinement effect of the quantum dots, as well as light 

extraction efficiency by hierarchically varying the nanowire diameter, as shown in Figure 8-1 

(c). The hierarchical structure can be formed through a pulsed growth mode, in which either 

the Ga supply or N supply alternately switching on and off [677, 678]. For example, with the 

constant N supply during the growth, relatively longer opening of Ga source shutter can result 

in the formation of nanowire segments with larger diameter [677, 678]. 

However, the effects of ultra-thin AlN/GaN buffer template on the nucleation and polarity 

of GaN buffer layer and GaN-based nanowire need further investigations. The polarity-
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controlled ultra-thin AlN/GaN template, which exhibit high electrical conductivity, can enable 

the precise control of the morphology, size and position of GaN-based nanowires on Si 

substrates, promising efficient GaN-based nanowire devices in the yellow, red and near-

infrared spectral range. Various growth parameters of AlN/GaN template and pattern designs 

can be investigated, and the growth conditions and fabrications for controlling the polarity of 

GaN-based nanowire heterostructure will be optimized. In addition, based on the development 

of efficient full-color GaN-based nanowires selective-area grown on Si substrates, it is further 

proposed to develop micro-scale color-tunable RGB pixels selective-area integrated on Si 

substrate, as shown in Figure 8-1 (d). 

8.2.2 III-Nitride/Si Intregrated Double-Junction and Triple-Junction Solar Cells 

To date, the energy conversion efficiency of solar cells can reach over 30% for two-

junction cells and well over 40% for three-junction cells under concentrated sunlight 

illumination [21, 230]. InN nanowire solar cells [306] and (Al)InGaN nanowire solar cells has 

been demonstrated on Si substrate, respectively. It is highly desired to monolithically integrate 

high-efficiency III-V solar cells directly on low cost, large area Si solar cell to relalize full-

spectrum multijunction III-nitride/Si integrated solar cells. The proposed future work is the 

demonstration of Si-based triple junction solar cells consisting of thin Si solar cells, nearly 

defect-free InN microwire sub-cell (~ 0.65) and InGaN microwire sub-cell (~ 1.8 eV). As 

illustrated in Figure 8-2, InGaN top-cell and InN bottom-cell will be integrated with the Si 

middle cell through novel ultralow resistivity p-Si/n-In0.45Ga0.55N ohmic junction [679] and 

InGaN microwire tunnel junctions [269], respectively. The use of nearly defect-free InN and 

InGaN microwire arrays can exhibit reduced surface recombination, compared to nanowire 

structures. Such Si-based triple junction solar cells, if successfully demonstrated, can 

potentially exhibit an energy conversion efficiency >30% under one-Sun illumination and 

higher efficiency values under concentrated sunlight [680].  
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Figure 8-2: Schematic of triple-junction In(Ga)N/Si integrated solar cells. InGaN (~ 1.8 eV) 

top sub-cell is grown on the Si solar cell. InN solar sub-cell is grown on the opposite side of Si 

solar cell, and these two sub-cells are connected to the middle Si sub-cell by using the band 

alignment between n-In0.45Ga0.55N and p-Si and InGaN microwire tunnel junctions, 

respectively.  

The conduction band edge of In0.45Ga0.55N is aligned with the valence band edge of Si. As 

a consequence, a low resistance ohmic junction has been demonstrated at the n-In0.45Ga0.55N/p-

Si interface [679]. The electron concentration in In0.45Ga0.55N and hole concentration in Si for 

this ohmic junction is ~ 1×1019 and 3×1015 cm−3, respectively [679]. 

In this work, two critical challenges should be addressed for achieving low cost, high 

efficiency In(Ga)N/Si integrated multi-junction solar cells, including 1) demonstration of high 

quality silicon solar cell processing that is compatible with relatively low temperature growth 

of InGaN and InN, and 2) monolithic integration of In(Ga)N and Si solar cells through the low 

resistivity microwire tunnel junction which has been recently demonstrated in InGaN-based 

nanowires [269] and/or the low resistance ohmic junction n-In0.45Ga0.55N/p-Si interface [679]. 

Before the development of the triple-junction III-nitride/Si integrated solar cells, InGaN/Si 

integrated double-junction solar cell using p-Si/n-In0.45Ga0.55N ohmic junction and InN/Si 

integrated double-junction solar cell using InGaN microwire tunnel junctions will be 

demonstrated firstly.  
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8.2.3 Micro-Scale Color-Tunable Surface-Emitting Lasers 

Two-dimensional light confinement in periodic InGaN/GaN nanowire arrays and 

optically-pumped stimulated emissions have been demonstrated [681]. Based on the progress 

on micro-scale and nano-scale RGB pixels achieved by using selective area epitaxy on 

GaN/sapphire substrates which has been presented in Chapter 4, it is also very interesting to 

develop monolithically integrated color-tunable surface-emitting nanowire lasers to achieve 

good directionality and high output power, enabling the development of compact high-

performance color-tunable miniaturized laser source for high-resolution display and visible 

light communications.  

Some of the earliest demonstrations of GaN-based vertical-cavity surface-emitting laser 

(VCSELs) were achieved under optical pumping [682-688], with threshold power in the range 

of MW/cm2. Recently, researchers at UCSB have demonstrated the first m-plane GaN VCSELs 

operating at 412 nm at room temperature [689]. To date, however, there have been no 

demonstrations of electrically injected GaN-based VCSELs operating at wavelengths beyond 

465 nm. There are several critical challenges for achieving high performance GaN-based 

VCSELs. First, due to the relatively large lattice mismatch (~ 3%), the AlGaN DBRs generally 

exhibit large densities of dislocations and cracks, which leads to reduced reflectivity, enhanced 

nonradiative recombination, and significantly increased lasing threshold. Secondly, the 

realization of high efficiency electrically injected VCSELs is further limited by the poor 

electrical conductivity of n- and p-type AlxGa1-xN layers with high-Al content. 

Alternatively, surface-emitting lasers can be achieved by exploiting the two-dimensional 

(2D) band-edge resonant effect of a photonic crystal [488, 690-692]. At the band-edge, the 

group velocity of light becomes zero, and a stable 2D cavity mode is formed in the photonic 

crystal structure. The photonic crystal itself serves as a diffraction grating, and the output beam 

is emitted from the surface. Previously, an output power >1.5 W has been achieved in an 
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InGaAs photonic crystal surface-emitting laser operating at 941.5 nm under continuous wave 

operation at room-temperature [692]. However, there have been very few studies on InGaN 

photonic crystal surface-emitting lasers [288, 487, 693]. To date, the only reported electrically 

injected InGaN photonic crystal surface-emitting lasers operated in the blue-violet spectral 

range ( ~ 406 nm), with large threshold current density (~ 67 kA/cm2), due to the large 

densities of defects in etched planar structures [693]. 

 

Figure 8-3 Illustrations of a pattern design of two neighboring nanoholes for the growth of 

nanowire array on single substrate, and two neighboring nanowires selective-area grown on the 

patterned substrate using different MBE growth conditions. 

To achieve homogeneously distributed emission and and efficient surface-emitting 

InGaN-based nanowire photonic crystal laser with full-color emissions, it is very important to 

obtain InGaN nanowire array with uniform size, position and morphology. The nanowire sizes 

and nanowire positions of nanowire array, which are critical for efficient laser operation using 

photonic crystal effect and the mechanism of diameter-dependent tunable emission, can be 

controlled by using different mask designs and optimizing growth conditions, as shown in 

Figure 8-3. 

To achieve monolithically integrated color-tunable surface-emitting nanowire lasers, the 

stability and yield of electrically injected InGaN nanowire photonic crystal surface-emitting 

lasers is also critical. Factors that may contribute to the lasing instability include variations of 

nanowire properties, such as size and position. In this regard, we have recently achieved 

uniform InGaN/GaN nanowire array with precisely controlled size and position, and the 
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variations were in the range of 5-10 nm. Our preliminary studies have shown that extremely 

uniform lasing can be achieved in a relatively large nanowire photonic crystal array (200200 

m2).  
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Appendix I Reports of OLEDs with Different Lateral Size.  

Organic LEDs 

& Emission Color 

Overall Luminous Efficacy (lm/W) 

& External Quantum Efficiency (%) 

Lateral Size 

or Pixel 

Pitch (µm) 

First Author  

Year  

RGB OLEDs, 

White color through 

light mixing 

6.42 lm/W & 1.78% 44 R. M. Soneira  [694] 

2016 

RGB OLEDs, 

White color through 

light mixing  

13.07 lm/W & 5.15% 100 S. Krotkus [544] 

2016 

RGB OLEDs, 

White color through 

light mixing  

10.65 lm/W & 4.8% 160 S. Krotkus [544] 

2016 

RGB OLEDs, 

White color through 

light mixing LEDs 

3.5 lm/W & 0.97% 346 M. C. Gather [432] 

2007 

RGB OLEDs, 

White color through 

light mixing  

52.0 lm/W & 11.56% 1071 M. S. Weaver [545] 

2014 

RGB OLEDs, 

White color through 

light mixing  

90.0 lm/W & 34.0% 2588 S. Reineke [162] 

2009 

OLEDs, 

Blue 475 nm, Stripe 

0.96 lm/W & 1.25% 7.35 A. Steude [53] 

2016 

OLEDs, 

Blue 485 nm 

35.0 lm/W & 8.42% 16 M. S. Weaver [545] 

2014 

OLEDs, 

Blue 471 nm 

35.9 lm/W & 25.9% 2000 T. Miwa [436] 

2017 

OLEDs, 

Green 504 nm 

8.0 lm/W & 2.89% 5 H. Hwang [163] 

2008 

OLEDs, 

Green 512 nm 

16.8 lm/W & 4.90% 35 G. J. McGraw [167] 

2013 

OLEDs, 

Green 555 nm 

31.9 lm/W & 4.67% 50 J. Son [166] 

2017 

OLEDs, 

Green 528 nm 

70.7 lm/W & 12.0 % 78 M. E. Bahlke [168] 

2012 

OLEDs, 

Green 570 nm, Stripe 

89.0 lm/W & 13.69% 1071 M. S. Weaver [545] 

2014 

OLEDs, 

Green 553 nm 

96.1 lm/W & 14.1% 2000 S. Park [695] 

2017 

OLEDs, 

Green 553 nm 

102.2 lm/W & 15.0% 4000 S. Park [695] 

2017 

OLEDs, 

Red 610 nm 

58.4 lm/W & 17.0% 20 S. Krotkus [47] 

2014 

OLEDs, 

Red 630 nm, Stripe 

32.0 lm/W & 17.68% 1071 M. S. Weaver [545] 

2014 

OLEDs, 

Red 670 nm 

3.93 lm/W & 18.0% 2000 Y. Nagai [543] 

2017 
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Appendix II Summary of EQEs and Overall Luminous Efficacy (or Luminous Efficacy 

of a Source) of InGaN Epilayer LED versus Lateral Device Size. 

InGaN epilayer LEDs 

& Emission Color 

Overall Luminous Efficacy (lm/W) & 

External Quantum Efficiency (%) 

Lateral 

Device Size 

(µm) 

Frist Author  

Year  

InGaN LEDs,  

Violet 400 nm 

0.033 lm/W & 1.71% 20 Z.Gong [133] 

2010 

InGaN LEDs,  

Violet 410 nm 

3.44 lm/W & 68.0% 250 M. J. Cich [696] 

2012 

InGaN LEDs,  

Violet 400 nm 

0.67 lm/W & 35.0% 300 J. Edmond [697] 

2004 

InGaN LEDs,  

Blue 440 nm 

1.81 lm/W & 7.0% 5 F. Olivier [535] 

2017 

InGaN LEDs,  

Blue 446 nm 

2.90 lm/W & 10.0% 6 P. Tian [529] 

2012 

InGaN LEDs with a 

AlGaN EBL,  

Blue ~ 447 nm 

~ 12.79 lm/W & ~ 42% 10 D. Hwang [536] 

2017 

InGaN LEDs with a 

AlGaN EBL,  

Blue ~ 447 nm 

~ 12.70 lm/W & ~ 41.7% 20 D. Hwang [536] 

2017 

InGaN LEDs with a 

AlGaN EBL,  

Blue ~ 447 nm 

~ 12.24 lm/W & 40.2% 40 D. Hwang [536] 

2017 

InGaN LEDs with a 

AlGaN EBL,  

Blue ~ 447 nm 

~14.80 lm/W & 48.6% 60 D. Hwang [536] 

2017 

InGaN LEDs with a 

AlGaN EBL,  

Blue ~ 447 nm 

~ 14.32 lm/W & ~ 47% 80 D. Hwang [536] 

2017 

InGaN LEDs with a 

AlGaN EBL,  

Blue ~ 447 nm 

~ 14.62 lm/W & ~ 48% 100 D. Hwang [536] 

2017 

InGaN LEDs,  

Cyan 488 nm 

90.0 lm/W & 5.1% 10 F. Olivier [530] 

2017 

InGaN LEDs,  

Cyan 488 nm 

90.0 lm/W & 5.0% 15 F. Olivier [530] 

2017 

InGaN LEDs,  

Cyan 488 nm 

90.0 lm/W & 6.0% 20 F. Olivier [530] 

2017 

InGaN LEDs,  

Cyan 488 nm 

6.42 lm/W & 10.0% 500 F. Olivier [530] 

2017 

InGaN LEDs,  

Green 515 nm 

24.51 lm/W & 5.9% 6.5 F. Templier 

[457] 

2016 
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Appendix II (Continued) Summary of EQEs and Overall Luminous Efficacy of InGaN 

Epilayer LED versus Lateral Device Size.  

InGaN epilayer LEDs 

& Emission Color 

Overall Luminous Efficacy (lm/W) & 

External Quantum Efficiency (%) 

Lateral 

Device 

Size (µm) 

Frist Author  

Year  

InGaN LEDs,  

Green 515 nm 

66.45 lm/W & 16.0% 10 L. Dupré [449] 

2017 

InGaN LEDs,  

Green 517 nm 

6.43 lm/W & 1.4% 

The efficiency was measured from the 

overall high-resolution microdisplays. 

12 J. Day [431] 

2011 

InGaN LEDs,  

Green 525 nm 

103.72 lm/W & 19.1% 300 S. Yamamoto [698] 

2010 

InGaN LEDs,  

Green 530 nm 

147.19 lm/W & 25.0% 300 J. Edmond [697] 

2004 

InGaN LEDs,  

Green 526.6 nm 

158.68 lm/W & 30.2% 320 A. I. Alhassan [699] 

2016 

InGaN LEDs,  

Green 532 nm 

154.14 lm/W & 25.4% 600 T. Shioda [700] 

2012 

InGaN LEDs,  

Green 535 nm 

193.74 lm/W & 31.0% 1000 I. Titkov [701] 

2017 

InGaN LEDs with a 

InAlGaN/GaN EBL, 

Green 550 nm 

254.83 lm/W & ~ 37.5% 300 An-Jye Tzou [702] 

2016 

InGaN LEDs,  

Yellow-Green 560 nm 

19.58 lm/W & 2.9% 350 Y. Jiang [513] 

2015 

InGaN LEDs,  

Yellow-Green 558 nm 

93.34 lm/W & 13.7% 350 C. Wetzel [703] 

2009 

InGaN LEDs,  

Yellow-Green 559 nm 

167.86 lm/W & 24.7% 460 S. Saito [704] 

2013 

InGaN LEDs,  

Yellow-Green 563 nm 

90.29 lm/W & 13.4% 600 H. Sato [700] 

2008 

InGaN LEDs,  

Yellow-Green 560 nm 

32.62 lm/W & 4.8% 600 T. Shioda [705] 

2012 

InGaN LEDs,  

Yellow-Green 558 nm 

110.71 lm/W & 16.3% 750 C. Wetzel [703] 

2009 

InGaN LEDs,  

Yellow-Green 565 nm 

9.19 lm/W & 1.4% 1000 K. Lee [706] 

2017 

InGaN LEDs,  

Yellow-Amber 570 nm 

5.33 lm/W & 0.8% 350 W. Zhao [707] 

2006 

InGaN LEDs,  

Yellow-Amber 576 nm 

83.17 lm/W & 13.3% 460 S. Saito  [704] 

2013 

InGaN LEDs,  

Yellow-Amber 575 nm 

9.63 lm/W & 1.5% 600 T. Shioda [700] 

2012 

InGaN LEDs,  

Yellow-Amber 590 nm 

8.27 lm/W & 1.6% 1000 K. Lee [706] 

2017 
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Appendix III Summary of EQEs and Overall Luminous Efficacy of III-Phosphide Red 

LED versus Lateral Device Size.    

III-phosphide LEDs 

& Emission Color 

Overall Luminous Efficacy (lm/W) 

& External Quantum Efficiency (%) 

Lateral Device 

Size (µm) 

Frist Author  

Year  

InGaAlP micro-LED 

array of 320×240 diodes,  

Red  

NA & ~ 0.175%  

 

80 

(100×100 μm2 

size and 20 μm 

isolation 

grooves) 

C. Tian [547] 

2015 

InGaAlP micro-LED 

array of 8×8 diodes,  

Red  

NA & ~ 2.3%  

 

100 

 

S. Fang [548] 

2017 

InGaAlP LEDs bonded 

to an “transparent” GaP 

wafer,  

Red 635.6 nm 

35.1 lm/W & 23.7% 210 G. E. Höfler 

[549] 

1996 

InGaAlP LEDs with 

buried microreflectors,  

Red 650 nm 

45.0 lm/W & 50.0% 300 R. Windisch 

[550] 

2007 

InGaAlP LEDs with 

buried microreflectors,  

Red 635 nm 

70.0 lm/W & 42.5% 300 R. Windisch 

[550] 

2007 

InGaAlP LEDs with 

buried microreflectors,  

Red 620 nm 

105.0 lm/W & 38.0% 300 R. Windisch 

[550] 

2007 

InGaAlP LEDs with 

buried microreflectors,  

Red 598 nm 

103.0 lm/W & 23.0% 300 R. Windisch 

[550] 

2007 

InGaAlP LEDs with 

with a stripe-patterned 

omni-directional 

reflector,  

Red 630 nm 

~ 32.05 lm/W & ~ 17.71%  350 Y. J. Lee [708] 

2005 

InGaAlP truncated-

inverted-pyramid LEDs,  

Red 598 nm 

~ 100 lm/W & ~ 17.0% 500 

(~ 0.25 mm2) 

M. R. Krames 

[553] 

1999 

InGaAlP truncated-

inverted-pyramid LEDs,  

Red 610 nm 

~ 100 lm/W & 29.1% 500 

(~ 0.25 mm2) 

M. R. Krames 

[553] 

1999 

InGaAlP truncated-

inverted-pyramid LEDs,  

Red 630 nm 

~ 90.5 lm/W & ~ 50% 500 

(~ 0.25 mm2) 

M. R. Krames 

[553] 

1999 
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Appendix III (Continued) Summary of EQEs and Overall Luminous Efficacy of III-

Phosphide Red LED versus Lateral Device Size.       

III-phosphide LEDs 

& Emission Color 

Overall Luminous Efficacy (lm/W) 

& External Quantum Efficiency (%) 

Lateral 

Device Size 

(µm) 

Frist Author  

Year  

InGaAlP truncated-

inverted-pyramid LEDs,  

Red 650 nm 

40.19 lm/W & 55% 500 

 (~ 0.25 mm2) 

M. R. Krames 

[553] 

1999 

InGaAlP 40-QWs LEDs 

on TO-18 mounts 

without encapsulation, 

Red 605 nm 

189.6 lm/W & ~ 49.0% 700 K. Streubel 

[709] 

2002 

InGaAlP 40-QWs LEDs 

on TO-18 mounts 

without encapsulation, 

Red 625 nm 

135.7 lm/W & ~ 62.0% 700 K. Streubel 

[709] 

2002 

InGaAlP 40-QWs LEDs 

on TO-18 mounts 

without encapsulation, 

Red 632 nm 

105.3 lm/W & ~ 64.0% 700 K. Streubel 

[709] 

2002 

InGaAlP 40-QWs LEDs 

on TO-18 mounts 

without encapsulation, 

Red 643 nm 

72.7 lm/W & 68.0% 700 K. Streubel 

[709] 

2002 

InGaAlP LEDs,  

Red 612-630 nm 

80.0 lm/W & 30.7% 750 OSRAM Opto 

Semiconductors 

R&D lab [710] 

2015 

InGaAlP LEDs,  

Red 609 nm 

201.0 lm/W & 61.0% 1000 OSRAM Opto 

Semiconductors 

R&D lab [552] 

2011 

InGaAlP LEDs,  

Red 630.75 nm 

67.1 lm/W & 37.1% 1020 W.-C. Cheng 

[551] 

2018 

InGaAlP LEDs  

bonded to “transparent” 

GaP substrates 

Red 632 nm 

57.9 lm/W & 32.0% 8500 N. F. Gardner 

[711, 712] 

1999 
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