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ABSTRACT 

Nitride-based Quantum-Confined Structures for Ultraviolet-Visible Optical 

Devices on Silicon Substrates 

Bilal Janjua 

III–V nitride quantum-confined structures embedded in nanowires (NWs), also known as 

quantum-disks-in-nanowires (Qdisks-in-NWs), have recently emerged as a new class of 

nanoscale materials exhibiting outstanding properties for optoelectronic devices and 

systems. It is promising for circumventing the technology limitation of existing planar 

epitaxy devices, which are bounded by the lattice-, crystal-structure-, and thermal- 

matching conditions. This work presents significant advances in the growth of good 

quality GaN, InGaN and AlGaN Qdisks-in-NWs based on careful optimization of the growth 

parameters, coupled with a meticulous layer structure and active region design. The NWs 

were grown, catalyst-free, using plasma assisted molecular beam epitaxy (PAMBE) on 

silicon (Si) substrates. A 2-step growth scheme was developed to achieve high areal 

density, dislocation free and vertically aligned NWs on Ti/Si substrates. Numerical 

modeling of the NWs structures, using the nextnano3 software, showed reduced 

polarization fields, and, in the presence of Qdisks, exhibited improved quantum-

confinement; thus contributing to high carrier radiative-recombination rates. 
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As a result, based on the growth and device structure optimization, the technologically 

challenging orange and yellow NWs light emitting devices (LEDs) targeting the ‘green-

yellow’ gap were demonstrated on scalable, foundry compatible, and low-cost Ti coated 

Si substrates. The NWs work was also extended to LEDs emitting in the ultraviolet (UV) 

range with niche applications in environmental cleaning, UV-curing, medicine, and 

lighting. In this work, we used a Ti (100 nm) interlayer and Qdisks to achieve good quality 

AlGaN based UV-A (320 - 400 nm) device.  To address the issue of UV-absorbing polymer, 

used in the planarization process, we developed a pendeo-epitaxy technique, for 

achieving an ultra-thin coalescence of the top p-GaN contact layer, for a self-planarized 

Qdisks-in-NWs UV-B (280 – 320 nm) LED grown on silicon. This process constitutes a 

significant advancement in simplifying the UV-B and UV-C fabrication process favoring 

light extraction. 

Addressing the issue of poor white light quality in the conventional blue laser diode (LD) 

and YAG:Ce3+ technology, a number of applications related investigations was conducted. 

Notably, the orange and yellow emitting InGaN/GaN Qdisks-in-NWs LEDs were 

implemented as an “active phosphor” to achieve intensity- and bandwidth-tunability for 

high color-quality solid-state lighting.   
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 Introduction 

More than three decades ago significant efforts began in realizing nitride-based devices. 

Pankove et al. were the first to demonstrate GaN-based light-emitting diodes (LEDs) [1]. 

But due to fundamental issues related with high dislocation density and low doping 

efficiency, interest in nitride material system gradually faded away. During the mid-1980s, 

due to tireless efforts of Ismamu Akasaki at Meijo Universities and Shuji Nakamura at 

Nichia Chemical Company in Japan, progress was made in obtaining good crystalline 

materials. Following achievements of high-quality GaN on sapphire using AlN [2] or 

gallium nitride (GaN) [3] nucleation layer, efficient Mg-doping in GaN using post thermal 

annealing [4] and development of good quality InGaN [5]; Nakmura et al. demonstrated 

in 1995 first nitride-based laser diode with continuous-wave room operation emission at 

417 nm wavelength [6]. 

The recent success of nitride-based optical devices has been attributed to its unique 

optical and electrical properties. As shown in Figure 1, the nitride materials exhibit direct 

bandgap which varies from 0.69 eV to 6.2 eV using InGaN and AlGaN alloys; covering the 

important wavelengths in the ultraviolet, visible and near-infrared spectrum [7]. With 

InGaN alloy the whole visible range is accessible while AlGaN provides the mean to 

achieve shorter wavelengths in the ultraviolet regime. In addition to strong radiative 

recombination strength, nitrides also exhibit high electron mobility of up to  
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2000 cm2V-s-1 [8] and large critical break down fields of more than 3 MVcm-1. 

Furthermore, the thermal conductivity in GaN is more than three times larger than in 

GaAs thus making them ideal for electronic and optoelectronic device applications. 

 

 

Figure 1. Bandgap energy vs. lattice constant of nitride-based alloys. The inset shows Vegard’s law applied to 

alloy bandgaps with corresponding bowing parameters [9]. 

 

Nitride-based alloys are semiconductors with hexagonal crystal structure, with lattice 

constants a and c as shown in Figure 2. The structure is formed by two intertwined 

hexagonal sub-lattices of (Ga, In or Al) and nitrogen atoms. Due to the non-
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centrosymmetric nature of the bonds in the c- direction, this material support polarization 

fields. Though semi-polar and non-polar (a, m) planes do exist, the scope of this project 

covers c-plane growth only. 

 

 

Figure 2. Hexagonal crystal structure of wurtzite GaN with lattice constants c and a. Tetrahedral bonding in the 

hcc crystal structure [10]. 

 

Regarding lattice constants for indium nitride (InN) the spacing is the largest, which 

decreases as the Ga content increases; and AlN has the smallest lattice constant. Sapphire 

is commonly used as a cheap alternative but exhibits considerable lattice mismatch 

resulting in high dislocation density. 

Though progress has been tremendous, devices based on this material system still 

exhibits low illumination power and smaller internal quantum efficiency (IQE) for longer 
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wavelengths [11-19]. The primary cause of reduced IQE is the significant band bending 

caused by strong internal polarization fields close to tens of MV/cm [14] and alloy 

fluctuation in the active region with maximum allowable less than 50% [20]. Band bending 

results in reduced oscillator strength of carrier transition, a dimensionless quantity 

expressing the efficiency of direct transition.  

To discuss the scope of the current project, it is imperative to point out the main 

challenges in this technology, which needs to be addressed in achieving high-performance 

devices.  

 Dislocations 

Due to the relatively smaller lattice size of nitrides, sapphire is commonly used as a 

substrate for visible- and UV- based optical devices. The large lattice mismatch of > 13 % 

between aluminum nitride (AlN) and sapphire (Al2O3), with 30o
 misorientation, results in 

the formation of threading dislocation (TD) with density >1010 cm-2. In nitride growth, the 

study of the planar surfaces have shown three different sizes of pits each corresponding 

to a different type of dislocations. Follstaedt in 2004, used TEM to  characterize these 

dislocations and identified them as screw, edge and mixed types with Burgers vectors 

[21]. 
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Techniques based on multiple-step growth at low and high temperature, switching  
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Figure 3. Figure 3. Internal quantum efficiency as a function of threading (screw) dislocations in the active region 

[30]. The inset shows an AlN substrate with a dislocation density below 104 cm-2 and a GaN buffer layer grown 

on sapphire substrate with relatively high dislocation density. 

 

growth condition between nitrogen and metal-stable states, strained layer [22, 23], GaN 

insertion layers grown at elevated temperature [24], and under nitrogen-rich regime[25], 

superlattices (SL) [26] and graded layers [27] are often utilized to filter the threading 

dislocation but their incorporation increases the complexity of the epitaxial growth [28].  

Error! Reference source not found. shows the calculated IQE with respect to TD density 

for an AlGaN multiple quantum well (QW)-based structure, emitting at 280 nm, using the 

model proposed by Karpov [29]. As can be deduced, with sapphire as the starting 

substrate the expected IQE can only reach a few tens of percentage.  Thus high-efficiency 



24 
 

 

devices require either bulk AlN substrate with TD < 107cm-2 or silicon carbide (SiC) 

showing TD < 109 cm-2; both being expensive alternatives.   

In comparison, NWs have shown to grow free of dislocations on lattice mismatched 

substrates. This happens due to the small diameter of NW and the ease of  dislocation to 

bend and terminate at the sidewall allowing the NWs to grow without any defects after a 

few nanometers of axial growth [31-33]. Though NWs grown on sapphire have shown to 

have screw-type dislocation, at the center as predicted by elastic theory, such observation 

is rare [34, 35]. Also, basal plane (c-plane) stacking defects has been observed because of 

an interchange between the hexagonal and cubic form of nitride crystal structure. Such 

effects have been attributed to fast growth rates and impure environment which can be 

mitigated using catalyst-free, high vacuum growth of NWs using plasma assisted 

molecular beam epitaxy (PAMBE) technique [36].   

 Polarization-induced fields 

One of the primary cause of low IQE in nitride-based optical devices is the significant built-

in polarization fields due to the non-centro symmetric nature of the bonds. In a multi-

layer heterostructure, the spatial gradient in polarization across the interfaces causes the 

formation of fixed charges resulting in band-bending and in turn separation of carriers.  

According to the Fermi’s golden rule, radiative recombination strength is determined by 

the magnitude of the transition matrix element, a dimensionless quantity proportional to  
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Figure 4. Figure 5. Polarization fields due to crystal structure and existing strain [9]. 

 

the square of the electron-hole wavefunction overlap or spatial overlap matrix element, 

 |〈𝜓ℎ|𝜓𝑒〉|
2. The optical transition rate can be written as: 
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where A0, m0, pfi and |f i   are photon density, carrier mass, momentum matrix 

element and spatial overlap of the carrier wavefunctions inside the QW for in-plane 

polarized EM wave. Reduction in optical matrix element, in presence of polarization 

induced fields reflect directly on weak radiative recombination rates.  

Polarization Fields  
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In polar materials, the built-in polarization fields consists of spontaneous polarization 

fields (Psp) which are material dependent and piezo-polarizations (Ppz) which come into 

play in presence of  lattice strain. Moreover, the orientation of the crystal (metal polar or 

nitrogen polar) as shown in Error! Reference source not found., also influences the 

direction of polarization fields.  

In a quantum-well based heterostructure, the electric fields generated by the polarization 

induced fixed charges, at the two hetero-interfaces can be approximated by the following 

equations:                                           
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where lb,w, Psp
b,w, Ppz

b,w Ɛb,w are length, spontaneous polarization, piezo polarization and 

dielectric constant of barrier and well respectively [37, 38]. To take into account, strain 

related lattice rearrangement in the c-direction and its effect on polarization induced 

charges, the following equation can be used: 
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where a, asub, e31,33, C13,33 and Ɛ1 are the lattice constant of the strained layer, the lattice 

constant of the substrate, piezo-electric coefficients, elastic coefficients and in-plane 

strain respectively [39]. In-plane strain can be calculated using:  

sub

sub

a a

a





                                                              

Total polarization can then found by adding Psp and Ppz. For alloys, such as InGaN and 

AlGaN, Psp can be obtained by interpolating the values of their binary constituents using 

Vegard’s law.  

Based on the above discussion, as shown in Figure 5, the polarization fields causes the 

energy-bands to bend resulting in an asymmetric triangular shaped potential profile. To 

get an idea about the fundamental transitions inside such potential-well, supported Eigen 

values are calculated using the Schrodinger’s equation. Corresponding non-symmetric 

Eigen functions or wavefunctions are then calculated by taking the linear sum of Ary’s 

functions [40]. As can be seen in Figure 5, the obtained wavefunction of holes and 

electrons are separated spatially resulting in poor overlap factors. 

Moreover, a red shift in photoluminescence (PL) is observed due to a decrease in the 

effective bandgap (energy difference between lowest confined energy level of electrons 

and holes), an effect known as the quantum-confined stark effect (QCSE). 
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Figure 5. Electron and hole wavefunctions with their respective energy bands. 

 

In addition, carrier leakage due to reduction in effective energy barrier at the top barrier/ 

electron blocking layer (EBL) interface in InGaN-based LEDs [41, 42] has been attributed 

to polarization fields [43].  

For these reasons, the design using polar materials have to be simulated and optimized 

extensively due to the complex interaction of the built-in fields and carriers. In the case 

of NWs structure complex strain field distribution further complicates carrier behaviors 

in regards with the generated spontaneous- and piezo-polarization thus require careful 

attention to the design details. 

 Optical polarization (emission-selection-rule) 

Nitride materials are a direct, wide bandgap material system with unique optical 

properties in relation to their band structure.  
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Figure 6. Energy band diagram in momentum (k) space of (a) GaN and (b) AlN showing direct bandgap with   non-

parabolic bands at k=0  [14].  

 

Shown in Figure 6(a) are band structures of GaN and AlN plotted in momentum (k) space. 

Unlike III-arsenide material system, in GaN the heavy hole (HH) and light hole (LH) bands 

are non-degenerate at k=0 point with HH band slightly shifted up in energy.  

For AlN as shown in Figure 6(b), negative crystal hole band splitting causes the split-off 

band maxima to be lowest in energy thus its relative position to the conduction band 

determines the bandgap. Furthermore, a non-parabolic nature of the bands near k=0 

region, is observed, where optical carrier transitions mainly take place. Thus the 

commonly used effective mass approach for calculating valence bands is not accurate and 

more advanced techniques such as k.p (6×6, 8×8, etc.) have to be utilized. From basic 

band theory, it is known that the HH and LH have px, py orbital and CH has pz orbital like 

character. This tells us that the optical transition in GaN and AlN will generate 
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electromagnetic waves with transverse electric (TE) field (along the (0001) growth plane) 

and transverse magnetic field (TM) (electric field in the [0001] growth direction). For the 

AlGaN alloy the composition at which the transition from TE to TM occurs is still debatable 

[7, 44-49]. Bryan et al recently measured this crossover to be around 245 nm with having 

composition and strain to play the major role [46]. While other groups have shown effect 

of QW thickness (<3 nm for dominant TE polarized emission), barrier composition and 

carriers densities on the polarization properties of the emitted light [50, 51]. In addition 

incorporation of indium in the AlGaN alloy has also been demonstrated to enhance TE 

emission [52]. Since TM radiation has the propagation vector pointed in-plane, the 

extraction efficiency of UV-B and C top emitting LEDs with high Al composition in the 

active region is quite low compared to their visible counterparts. 

Unlike planar structures, NWs have shown to have improved light extraction efficiencies 

mainly due to the large area sidewalls, normal to c-axis, and the scattering regions at the 

interfaces. Furthermore, based on an effective medium theory, the graded refractive 

indices of GaN, InGaN, AlGaN and air (1) can significantly reduce the Fresnel back 

reflection [53].  Designs based similar concept has been applied to planar structure by 

introducing light scattering feature resulting in an enhancement of light extraction but 

with limited success [54-59]. Also, making use of the blue-shift, due to quantum-

confinement, thin quantum confinement regions are being adopted to achieve shorter 

wavelength emission with dominant TE polarization [60]. Though reduced or absence of 
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compressive strain distribution in NWs grown in GaN nucleation layer, may result in a 

dominant TM polarized light for wavelength below 280 nm, careful optimization of NWs 

geometry and distribution can still allow, in principle,  light  extraction efficiency of up to 

70 % for deep-UV LEDs [61]. 

 Dopant ionization energy 

Doping is a mechanism of introducing impurities inside the semiconductor to create free 

carriers. Such a step is critical in realizing p-n junctions which are the foundation of any 

optical device. In nitrides, Si introduction into the crystal matrix give rise to electrons thus 

acting as an n-type dopant, and incorporation of Mg creates holes thus a p-type dopant.   

For small bandgap materials, the free carrier concentration is assumed to be the same as 

the density of incorporated dopant atoms. As the bandgap of materials increases, the 

dopant binding energy also increases resulting in a reduction of ionization efficiency. This 

change in ionization ratio can be modeled using the following equation: 
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where ND,A, NC,V, gD,V, Ed,a and TL are the electrons and holes ionized dopant density, the 

total number of dopants, the density of states, degeneracy factor (2 for electrons, 4 for 
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holes), ionization energy and lattice temperature respectively. As can be deduced, with 

the increase in bandgap the ionization energy increases thus reducing the dopant 

ionization efficiency. Therefore in realizing short-wavelength emitting structures, 

adoption of large bandgap material leads to poor electrical properties. 

Doping to generate holes is reported to be one of the major bottleneck for UV-B/C based 

optical devices. As shown in Table 1 (in section 4.1), the ionization energy for holes in AlN 

is 0.4 eV, with some grouping reporting up to 0.6 eV, leads to dopant ionization efficiency 

of less than 1 % [62, 63]. Reduced free carrier concentration inside the p-contact layer 

leads to poor hole injection efficiency and significantly higher turn-on voltage [64].  

Different design schemes have been implemented in circumventing the low doping issue. 

Initial theoretical studies done by Kozodoy et al., showed significant improvement in hole 

concentration using Mg-doped (AlN, AlGaN)/(AlGaN, GaN) SL [65-70]. Grading from larger 

to smaller bandgap material having metal polarity, have theatrically shown to create a 

negative fixed volume charge as given by:  

 Al

f

x
P

d

   
                                                               

where ∇P is the change in polarization due to AlGaN grading over a distance d. σ is the 

total polarization charge density at the heterointerface [71, 72]. The field is generated in 

response to the volume fixed charges which enhances free carrier generation. 
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Based on this insight, Meyers et al. demonstrated a new type of p-n diode in a NWs where 

junctions were not formed by impurity doping but solely by volume-charges generated 

by compositionally graded layers [72]. Furthermore, for NWs grown in nitrogen-rich state, 

the Mg incorporation efficiency increases due to the good crystal quality and lack of 

nitrogen vacancies. Recently, Connie et al in AlN NWs demonstrated a low activation 

energy of ~23 meV indicating dominant hopping hole conduction and/or impurity band 

transitions at room temperature [73-75]. 

 Point Defects 

In addition to threading dislocation, point defects have also caused considerable increase 

in non-radiative recombination rates mainly via Shockley-Reed-Hall recombination (trap 

assisted) under low current injections levels. Metal organic chemical vapor deposition 

(MOCVD) being a non-vacuum based growth system suffers from contamination with 

carbon (C), hydrogen (H), oxygen (O) etc., which are basic elements present in material 

sources. This problem can be mitigated using PAMBE which utilizes high vacuum based 

growth process. Still depending on the growth conditions using PAMBE, other types of 

defects can form.  

Nitrogen vacancies (VN) being a compensating donor defects are likely formed under 

metal -stable/-rich growth regime. Similarly, Ga vacancies (VGa) and V-3
Ga, which are 

acceptor-like defect have more chance of occurring under nitrogen-rich growth regime. 

Both of the above defects can have a significant detrimental effect on the free carrier 
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concentrations. Furthermore, donor and acceptor states formed due to the complexes 

(VGa, ON, MgGa, VN) can act as shallow donors and acceptor defects. With substitution 

donors such as  MgGa, CN and SiN can reduce n-doping [76].  

Unlike planar layers, NWs are grown under nitrogen-rich environment. The absence of VN 

defects in NWs, which are shallow donor type, is expected to improve free hole 

concertation allowing improved electrical response of the p-i-n diode [77, 78]. Though 

NWs have a large surface to volume ratio and the presence of surface traps states, due to 

dangling bonds, can effect carrier dynamics. It has been shown that the fermi-level 

pinning in the doped layers in-fact pushes the carrier away from the sidewalls thus 

improving carrier flow and reducing capture via trap states [79]. Also, a spontaneous 

formation of AlGaN/GaN shell during growth provides a self-passivation process and in 

turn increase the radiative efficiency of the active region [80].   

 Phase separation and alloy inhomogeneity 

Phase separation has been shown to occur in InGaN-based material due to the lattice and 

thermal mismatch  between the constituents InN and GaN [81-85]. Due to the difference 

in the covalent radii size of the Ga (1.26 Å) and In (1.44 Å) atoms internal strain in crystal 

structure exist and the ~10 % lattice mismatch between InN and GaN results in a 

miscibility gap which restricts the solubility of In in GaN (~ 8 %) and of Ga in InN (< 6 %) 

[86-89]. Thus for complete miscibility, reported critical temperatures (> 1654 K) for 

wurtzite InGaN are much higher than the typical growth temperatures used in PAMBE 
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[87, 90]. This leads to unavoidable phase separation (InN clusters formation) which are 

believed to be two dimensional in nature, occurring on the growth surface and getting 

incorporated in bulk due to kinetic limitation. In addition, low-temperature growth 

required for efficient incorporation of high indium content reduces the diffusion lengths 

of adatoms on the surface, thus exacerbating phase separation. Devices grown at higher 

temperature have shown to have superior optical performance though are limited by the 

effective indium incorporation due to the high indium vapor pressure resulting in 

excessive indium evaporation [91].  

In addition to phase separation alloy fluctuations in InGaN has also been reported due to 

‘composition/lattice pulling effect’ in strained InGaN layers grown on lattice mismatched 

substrates. Such strained layers have shown to reduced indium incorporation in thin 

layers. Enhanced compositional inhomogeneity and reduced crystal quality for thick 

InGaN layers due to strain relaxation has been observed [92-94]. Such alloy 

inhomogeneity, with broadened Xray (ω-2θ pattern) has been measured for In 

composition less than ~25 % resulting in potential fluctuation. 

In contrast, Al and Ga atoms have similar atom radii and can be grown at relatively higher 

temperature, thus alloy inhomogeneity and phase separation in AlGaN is less severe. 

Nanoscale fluctuation has been reported due to the statistical incorporation of Al and Ga 

[95] and small diffusion length of Al adatoms under nitrogen rich growth conditions. Also, 

people have proposed to change the growth regime from vapor phase to liquid phase 
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epitaxy (LPE) during MBE growth of planar structure to achieve band fluctuation for 

improved carrier localization.  

Though strain has been shown to effectively suppress decomposition of InGaN having In  

less than 20 % [96], severe phase separation in high In content InGaN allowing lattice 

distortions and planar faults formation which has caused the commonly observed ‘valley 

of death’ (significantly diminished PL for high indium concentration) and prevented 

efficient planar light emitting devices in longer wavelengths resulting in the ‘green-yellow’ 

gap.  

Under high dislocation density, alloy inhomogeneity have been shown to provide 

increased localization of carriers thus allowing efficient recombination of carriers [97].  

Other groups have used phase separation in strained layers to the advantage in realizing 

stable quantum dots, with high indium percentage having suppressed defects formation 

[98]. 

By studying the band edge emission at different temperatures, an understanding about 

the possible band potential fluctuation can be developed. For elevated temperatures, the 

exciton emission energy expected to follow Varshni equation as follows 
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where Eg(0,x) is the bandgap at 0 K, α(x),β(x), are fitting parameters and T is the lattice 

temperature [99].   At low temperatures, the emission energy deviates from this trend. 

This is attributed to carrier localization in presence of band fluctuations as discussed 

above. The difference in energy of emission wavelength to that calculated by Varshni 

equation is called the localization energy (Eloc).  

Still a debate exist about the advantages of band fluctuations in increasing radiative 

recombination rates especially in pristine materials. Some groups have argued against this 

from the angle of increased Auger recombination in presence of Anderson localization 

due to alloy fluctuation [100]. While other have suggested increase hole localization 

resulting in considerable reduction of three-dimensional overlap of carriers [101]. Thus 

more research is required to fully understanding the role of band fluctuation caused by 

the alloy inhomogeneities in increasing the IQE of light emitting devices. 

In contrast, NWs is a new platform which are grown under nitrogen-stable environment 

have reduced compositional inhomogeneity related defects. For InGaN, nitrogen rich 

conditions at low temperature prevents formation of indium droplet which acts as In 

sinks, thus improving crystal quality and uniformity. In addition, reduced strain in 

presence of free side surface minimizes the ‘compositional/lattice pulling effect’ allowing 

higher In incorporation compared to the planar counterparts. Though for higher indium 

content elastic relaxation of InGaN has been shown to form pyramidal and truncated 

pyramidal shaped structures. In such scenario, due to lattice pulling effect more indium 
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is expected to be incorporated at the top of the InGaN pyramid having a relatively larger 

lattice spacing resulting in segregation-induced strain relaxation [102, 103]. For 

significantly higher In content, plastic relaxation is also expected at early stages of growth 

which results in more uniform strain and indirectly more homogeneous In and Ga 

incorporation. Though phase segregation, in the scale of 2-5 nm in InGaN nanostructure-

in-NWs has been observed [103], Kuykendal et al findings point to only occurrence of 

composition modulation for samples with 70-90% In content [104]. Similar change in 

composition has been observed due to nitrogen-rich condition which limits the diffusion 

of adatoms thus increasing the incorporation variation of adatoms [105]. Even though 

occurrence of phase separation in NWs is expected due to the miscibility gap; based on 

growth conditions metastable states exist, in which nearly dislocation free InGaN 

quantum dots, located in the center of the NWs are formed by the strain-induced self-

organization which helps improve optical transitions for high In content-based optical 

devices [103]. For high In content-based NWs devices, reduced alloy inhomogeneity or 

localized centers can also mitigate electron-phonon coupling thus reducing phono-

assisted indirect-Auger processes [18, 106]. In more recent theoretical work reduction in 

IQE has been observed due to random alloy fluctuations thus requiring more extensive 

study of its impact in carrier dynamics in Qdisks-in-nanowire platform [20]. 
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 Quantum efficiency droop (roll-over) 

In the presence of the above mentioned challenges, nitride-based light emitting planar 

devices suffer from ‘efficiency-droop’ which is a reduction in external quantum efficiency 

(EQE) with an increase in injection current [107]. No single mechanism has been agreed 

upon as the main reason behind the droop issue. But reasons more frequently reported  

 

 

Figure 7. Reduction in efficiency at higher current injection levels  [107]. 

 

in literature are: carrier leakage over [108-110] and through EBL via percolation transport 

[111, 112], tunneling [113], Auger (direct and indirect) recombination [114-118], Auger 
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assisted carrier leakage [119, 120], carrier separation, poor carrier injection [121, 122], 

substantial defect densities and non-uniform carrier distribution across the active region.    

As can be seen in Figure 7, the efficiency considerably reduces at high injection levels. 

With increases in emission wavelength, the ‘efficiency-droop’ seems to become worse. A 

possible reason for this behavior is the reduction in Auger non-radiative recombination 

strength which increases with bandgap of the active medium thus UV LEDs showing less 

pronounced ‘efficiency-droop.’ 

To overcome the droop problem, NWs provides an attractive platform having dislocation 

free structure and reduced polarization fields. In addition, two orders of magnitude lower 

Auger recombination coefficients have been reported for InGaN-based NW due to high 

material quality [123]. Also, nitrogen-rich environment promotes free hole concentration 

which in turn improves carrier injection efficiency. As will be discussed in this work, 

utilizing the numerous advantage of NWs, droop-free UV/Vis LEDs up to specified current 

densities were demonstrated on novel platforms. 

 Semiconductor diode 

Emission from solid-state devices is achieved using carrier transitions in structures 

designed using direct-bandgap semiconductors. Conventional devices consist of a p-i-n 

junction where p and n regions are realized by introducing impurities such as magnesium 

(Mg) as p-type and Si as n-type, in the case of nitride, to generate excess free holes and  
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Figure 8. Schematic of a simple p-i-n diode under forward bias condition. The flow of carriers is indicated. 

 

electrons. A space charge region, depleted of free carriers, is formed across the intrinsic 

region or active region of the device where the carriers, on arrival, recombine radiatively. 

 LED work under forward bias condition where the positive terminal is connected to the 

p-side. When carriers are injected, on applying a bias-voltage, their flow is mainly 

governed by the ‘diffusion’ process which is dependent on the carrier concertation 

gradient and the ‘drift’ process which takes into account internal electric fields. Moreover, 

voltage-drop is mainly across the depletion region, thus reducing the junction built-in 

potential. This enhances the diffusion process as shown in Figure 8. The Fermi-level split 

into quasi Fermi-levels indicative of non-equilibrium conditions. The total current density, 

representing diffusion of minority carriers, then can be written as: 
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where Na,d, Lh,e , Dh,e and n are doping concentrations, diffusion lengths, diffusion 

constants and diode ideality factor respectively.  

When the carriers reach the active region, they can combine either radiatively or non-

radiatively. The lost carriers have to be supplied by the external current. The optical 

transitions result in the spontaneous emission of photons which are inherently non-

directional, un-polarized, and lack coherency. Based on the different mechanisms which 

effect the device performance, the efficiency of the device can be written as: 

𝜂𝑡𝑜𝑡 = 𝜂𝑒𝑙𝑒 × 𝜂𝐼𝑄𝐸 × 𝜂𝐿𝐸𝐸  

where ƞele (electrical efficiency) which takes into account contact resistance and doping. 

ƞIQE is further comprised of injection efficiency (ƞinj), which deals with the fraction of 

carriers reaching the active region and radiative efficiency (ƞrad) which is based on the 

percentage of carriers recombining radiatively as: 

𝜂𝑟𝑎𝑑 =
𝜏𝑟𝑎𝑑

−1

𝜏𝑟𝑎𝑑−1 + 𝜏𝑛𝑟𝑎𝑑−1
 

where 𝜏𝑟𝑎𝑑and 𝜏𝑛𝑟𝑎𝑑 are carrier lifetimes indicating the effectiveness of radiative and 

non-radiative recombination processes. In our case, τnrad is mainly governed by the 

Shockley-Read-hall and Auger recombination. 
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Since in spontaneous emission the photons emitted have random phase and direction, 

not all photons are collected thus can be weighted by 𝜂𝐿𝐸𝐸  which is light extraction or 

escape efficiency indicative of the number of photons reaching free space determined by 

the escape cone of the device.  

 Nitride-based NWs 

Nitride-based NWs hold potential as key components of future devices and systems. NWs 

can be defined as quasi-one dimensional nanostructures, with diameters typically around 

100 nm. Their unique geometry allows them to have superior properties over 

conventional planar structures with added advantage of tuning their optical and electrical 

characteristics through size modulation. Based on their superior performance many 

devices including LEDs [72, 124], laser diodes (LD) [125, 126], single-photon emitters 

[127], solar cells [128], photodetectors [129, 130] have been demonstrated. 

NWs have several advantages compared to thin film. In axial heterostructures, the 

unrestrained diameter of the NWs allows its lattice to adjust radially. This relaxation 

mechanism can relieve strain at the nucleation site or base of the NW without 

necessitating misfit dislocations. Thus long NWs can be grown dislocation free. In addition 

due to the large free surface area, the NWs can effectively relieve the built-in strain 

resulting in reduced polarization fields [131, 132] allowing thicker active region designs. 

Thus, NWs present a major advantage over planar and bulk materials, where lattice-
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mismatched heterostructures can only be grown provided the strained layers are below 

the critical layer thickness [133].  

NWs geometry have shown to have an advantage in light extraction efficiency (LEE). In 

planar structures, due to the significant refractive index contrast of GaN (ɳ= 2.4) with air 

(ɳ =1), the resulting escape cone only allows LEDs to have LEE of up to 5 %. With more 

advanced techniques based on etching, patterning, photonic crystal, LEE has been 

improved to 25 %, but such process are time-consuming, add to the complexity of 

fabrication and growth and are costly. In comparison, for NWs, due to their unique 

structure and large aspect ratio, the effective refractive index is lowered compared to 

their bulk counterpart and thus having shown LEE above 72 % for AlGaN/GaN NWs based 

devices on Si [61, 134]. Also, the disjointed NWs act as scattering units increasing the 

probability of photons to escape the grown structure. Therefore NWs provides an 

efficient platform for vertical light emitting devices with reduced fabrication complexity.  

Moreover, high indium composition based optical devices have been demonstrated using 

NWs platform, in the absence of alloy clustering and defect formation issues. Using 

hydride vapor phase epitaxy (HVPE) up to 100 % indium content has been grown using 

NWs [104]. Furthermore, in MBE and MOCVD, InGaN in the form of quantum-dots [135], 

quantum-disks [136], and core-shell [137] have been incorporated in NWs with pristine 

crystal quality and with no apparent indium clustering. This provides the motivation for 

using NWs in overcoming the ‘green-yellow gap’ and ‘efficiency-droop’ without worrying 
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about issues related to phase segregation and accumulated strain on lattice-mismatched 

substrates.  

Though nitride-based NWs provide great opportunity, there are challenges which need to 

be addressed. Due to the complex interaction between polarization fields, lattice strain, 

and bandgap engineering, for which the design rules are not well established. These 

issues hence warrant a careful structural design optimization via simulation before actual 

device implementation. Designs based on the practical growth related boundary 

conditions is also vital to the usefulness of the simulation.   

 High quality color tunable white light generation using nitride-based solid-state 

devices 

In the past decade, solid-state lighting (SSL) based on LEDs and laser diodes (LDs) have 

gained significant importance. Use of an environmental-friendly nitride material in 

realizing efficient and stable sources have been the main driving force behind the SSL 

technology. Still, bottlenecks such as significant dislocation density and strong 

polarization fields of several MV.cm-1 result in reduced IQE [138]. Though, planar devices 

with high indium composition have been demonstrated, but they suffer from low IQE as 

well as pronounced ‘efficiency-droop.’ 
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Figure 9. White light generation using (a) blue LED yellow-phosphor [139], (b) RGB LEDs, (c) Blue LD yellow-

phosphor, and (d) RGB LDs. 

 

For conventional white light generation mixing of a blue and a broad yellow component 

of the visible spectrum is required. Typically the conformal YAG: Ce3+ coating absorbs the 

blue light (LED or LD) and reemits a broad yellow light as shown in Figure 9(a) and (c) [139-

141]. Even though this technology has the potential to produce white light with high 

theoretical efficiency, the passive yellow-phosphor components lacks tunability, low-

efficiency due to down conversion and temporal material degradation under high-power 

operation [142-144]. Also, the blue light, a critical element in the solid-state lighting 

technology, has been shown to have a negative impact on health. Though exposure to 

blue light during the daytime helps boost alertness; however prolonged exposure at night 

has been hypothesized to affect circadian rhythm resulting in disruption of sleep 
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schedule. The Melanopsin-based photoreceptor most likely cause of such behavior, under 

blue light exposure, is linked to the decrease in the body production of melatonin [145], 

[146]. Studies have shown that the action spectra for melatonin suppression peaks 

around 460 nm and decreases by 50 % around 400 nm [147, 148]. RGB LED and LD 

configuration, as shown in Figure 9(b) and (d), has been used to produce white light, but 

with shortcomings related to the ‘efficiency-droop’ for prior and poor white light 

characteristics for the latter case. Therefore there is a need for an alternative health-

friendly reliable solid-state solution for achieving high-quality and tunable white lighting. 

 Thesis outline 

Following the introduction of nitride-based material system and NWs platform, the rest 

of the thesis will be organized as follows. 

PAMBE based growth of nitrides will be discussed in chapter 2. Growth kinetics of AlGaN 

and InGaN are mentioned followed by a discussion on the growth of catalyst-free NWs. 

Furthermore, growth condition affecting NWs density, length, size and crystal quality is 

covered. 

Chapter 3 comprises of the growth study performed in realization of NWs on Si and Ti/Si 

substrate. A 2-step growth method is introduced to achieve tightly-packed and vertically 

aligned NWs on Ti/Si. Description of the post material growth characterization techniques 

including photoluminescence, electron microscopy and X-ray diffraction is covered. 



48 
 

 

Additionally, fabrication process including planarization process, followed by 

electroluminescent and bias-dependent Raman characterization techniques are 

described.  

In chapter 4, a numerical setup to model the nitride-based quantum-confined-based 

devices is discussed. The models is extended to the NWs case by taking into the account 

the N-polarity and the generated complex strain field using ‘strain-minimization’ model. 

Chapter 5 focuses on the demonstration of InGaN-based visible NWs LED on various 

substrates. The devices on Ti/Si grown, using 2-step growth method, showed ‘droop-free’ 

behavior. Current-dependent device characterizations were extensively studied including 

bias-dependent Raman which gave insight into the heat dissipation and current injection 

of NWs-based devices.   

NWs work was extended to AlGaN based UV- A/B LEDs grown on Ti/Si and Si platform in 

chapter 6. Application of EEL-STEM for nanoscale characterization of the AlGaN Qdisks, 

interfaces and encapsulation was discussed. Pendeo-epitaxy growth method was 

implemented to avoid planarization process which requires UV absorbing polymer. 

Practical approaches to tunable white light generation systems using red, green, blue, and 

violet LDs in conjunction with the demonstrated yellow and orange NWs LED as active-

phosphor is presented in Chapter 7. To bring the scope of the system under visible light 

communication (VLC) technology, LDs were encoded with OFDM and OOK modulation 
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data scheme to achieve data rates in gigabit per second (Gbps) range. 

Lastly, Chapter 8 summarized the scientific contributions of the presented work with 

future recommendations. 
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 III-Nitride growth using plasma assisted molecular beam 

epitaxy 

Nanowires (NWs) with their unique properties makes ideal candidates for efficient optical 

devices in the visible and ultraviolet regime. Though NWs have numerous inherent 

advantages compared to their planar counterparts, improved device performance 

requires careful optimization regarding structural design, growth controlled morphology 

and density, and fabrication process. Morphology of the NWs including size, height, 

length and areal density can be controlled using growth temperatures and impinging 

adatoms fluxes and their ratios. In this chapter growth kinetics of nitride material system 

was investigated. The growth study was then extended to realizing NWs on Si substrates.  

 Growth of III-nitrides by MBE 

Nitride-based materials have been shown to grown both in planar and three-dimensional 

(3D) NWs form. In this work growth of III-nitrides was studied using PAMBE using Veeco 

Gen930 System [149]. 

2.1.1 Planar epitaxy  

Due to lack of maturity in bulk GaN growth, heteroepitaxial growth of planar devices is 

conducted mainly on selective foreign substrates such as SiC, Si (111), ZnO and sapphire 

Al2O3. Sapphire is a cheap and easily available substrate which shows decent thermal 

stability at elevated temperature. However, large lattice (~16%) at 30o misorientation and 

file:///C:/Users/janjuab/Desktop/PhD%20Thesis/Molecular%23_ENREF_149
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thermal (~3.1%) mismatch of sapphire with nitrides, leads to defect formation which is 

the primary cause of poor device performance. 

Unlike III-Arsenic (As) which requires As overpressure, the growth of III-nitrides is much 

more complicated.  

 

 

Figure 10. (a) Volmer-Weber showing island formation, (b) Layer-by-layer Frank-van der Merwe process, and (c) 

Stranski-Krastanov growth consisting of the layer-plus-island formation. 

 

As shown in Figure 10 epitaxial growth can happen in three different modes [150]. Planar 

nitrides have been shown to grow based on layer-by-layer (Frank-van der Merwe) and 

layer-plus-island (Stranski-Krastanov) processes. Erbium arsenide materials typically 

exhibit Volmer-Weber growth mechanism [151]. Each growth scheme leads to a different 

crystal quality and surface morphology / features. 
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2.1.2 Growth kinetics 

Growth kinetics of nitride material system using PAMBE can be realized via a simple rate 

equations of the impinging adatom beam fluxes as:  

𝐹𝑇𝑜𝑡 = (𝐹𝐴𝑙− 𝐹𝐴𝑙,𝐷𝑒𝑠) + (𝐹𝐺𝑎 − 𝐹𝐺𝑎,𝐷𝑒𝑠) + (𝐹𝐼𝑛 − 𝐹𝐼𝑛,𝐷𝑒𝑠) + 𝐹𝑁 − 𝐹𝐷𝑖𝑠 

where FAl,Ga,In,N and F(Al,Ga,In),Des takes in to account amount of adatom species (Al, Ga, In 

and N) impinging and desorbing from surface. The decomposition rate (FDis) which is 

highly dependent on temperature can then be described by an Arrhenius relationship: 

𝐹𝐷𝑖𝑠 = 𝑒
−
𝐸𝐷
𝐾𝐵𝑇𝑆 

where ED is the dissociation energy. Simplification can be made to the rate equation based 

on the adatoms kinetics of metal species at different temperatures and their respective 

bond energies. At low-temperature, Al incorporation is approximately 100 %, and FAl,Des 

can be ignored. FGa,Dis can be neglected for reasonably low growth temperatures. To avoid 

excess metal accumulation, controllable Ga desorption, using interruption step, is an 

effective way of realizing two-dimensional (2D) layers using metal-stable surface state. 

Growth rate is an important parameter in realizing improved quality material and 

depends on the number of active species present. Under nitrogen-rich environment, the 

deposition rate is determined by availability of metal (FAl+Ga, In+Ga) flux for AlGaN and InGaN 

respectively. Under metal-rich condition, active nitrogen flux determines the growth rate. 
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It has been shown that active regions grown at low growth rates exhibits superior 

radiative efficiency due to better crystal quality. In contrast, buffer layers which are 

considerably thicker require material deposition rates of over 5 nm/min for practicality 

purposes. 

2.1.3 Growth temperature 

In PAMBE growth temperature can be measured using the thermocouple, in contact with 

the backside of the substrate giving good estimates for thin conducting substrates. 

Though care has to be taken as different type of substrates and their respective holders 

may result in a variation of surface temperature relative to that at the back. Thus for high 

temperature-based growth processes, where the IR radiation emitted by the sample is 

significant, pyrometer is utilized to estimate the surface temperature which is critical to 

determining the growth kinetics.  

A pyrometer, facing the substrate, works by focusing the thermal radiation emitted from 

the hot surface, on to a detector. Since infrared, radiation and reflection are substrate 

dependent, the pyrometer is often calibrated by adjusting the emissivity value. For a 

sapphire substrate, the aluminum melting point is utilized, while for Si (111) the 

appearance of the 7×7 surface reconstruction is used to calibrate the actual temperature.  
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2.1.4 Beam flux 

The flux of the sources is measured using a beam flux monitor (BFM) gauge on the 

continuous rotation azimuthal (CAR) assembly. The flux then is calculated using the 

following expression [14]. 

𝐹𝑖 = 𝐶𝑖
𝑃𝑖

√𝑚𝑖𝑘𝐵𝑇𝑖
 

where  𝐶𝑖 is ion gauge sensitivity,  𝑃𝑖  is pressure measured by BFM and 𝑇𝑖 is source base 

absolute temperature. This flow rate cannot be confused with the amount of adatoms 

incorporated as surface desorption, dissociation, and adsorption all happen at the same 

time during growth. 

2.1.5 Growth regimes 

 

Figure 11. RHEED images show (a) nitrogen-rich, (b) intermediate, and (c) metal-rich state. 

 

Atomically smooth planar GaN nitride has a very small growth window at low 

temperatures. There can be a sudden transition from nitrogen-stable (excess nitrogen) to 
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Ga stable (excess Ga) surface state,  the former being of no practical use as it leads to 

rough surfaces [152]. Parameters are carefully selected, after thorough calibration, to 

achieve intermediate conditions.  In-situ RHEED can be used to notice this transition.  

Nitrogen-rich environment leads to spotty pattern, showing 3D island formation, while 

streaky pattern is observed for 2D layer growth. RHEED patterns shown in Figure 11, 

shows three growth regimes.  

It has been reported that improved deposition conditions are achieved at GaN ratio of 

1:1, with a nudge towards the metal-stable environment.  

 

 

Figure 12. Shown AFM images of different growth modes. Going from nitrogen-stable to metal-stable conditions 

2D layer-by –layer formation is promoted resulting in smoother surfaces. 

 

Nitrogen-rich grown samples show root-mean-square average (Rq) roughness of greater 

than 9 nm for highly nitrogen rich condition while for intermediate it comes down to less 

than to 0.5 nm as shown in Figure 12. For metal stable condition presence of excess metal 
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particles result in higher Rq value (1.66 nm). Though nitrogen-rich regime is of no practical 

use, defect-free catalyst-free NWs are realized using this condition on selected substrates. 

 Growth kinetics of InGaN material system 

The surface kinetics for InGaN can be understood by using a rate equation which takes 

into account the net Ga atoms on the surface as: 

 𝐹𝑛𝑒𝑡,𝐺𝑎 = (𝐹𝑁 − 𝐹𝐺𝑎) − 𝐹𝐷𝑖𝑠 + 𝐹𝐷𝑒𝑠 

Unlike InN, for GaN FDes and FDis can be assumed to be zero at low temperature due to 

stronger bonds strength. Similarly, the rate equation for In adatoms on the surface under 

metal-stable state can then be modified to 

𝐹𝑛𝑒𝑡,𝐼𝑛 = 𝐹𝐼𝑛 − (𝐹𝑁 − 𝐹𝐺𝑎) − 𝐹𝐷𝑖𝑠−𝐹𝐷𝑒𝑠 

where FN-FGa is the remaining nitrogen active species after being consumed by Ga 

adatoms. This is due to the low sticking coefficient of indium and having smaller binding 

energy with respect to Ga-N which is quite stable up to 650 oC [153]. Thus the Ga flux 

should be lower than N flux to incorporate In. Furthermore, FDis of In-N bonds is quite 

significant at higher temperatures. This limits the maximum In content, determined by 

the chosen Ga fluxes and the growth temperature.  

In NWs as will be discussed later, the net amount of active species on the top surface is 

governed not just by the impinging fluxes but also due to the diffusion and desorption of 
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adatoms from the NW sidewalls. This makes the theoretical study more complicated and 

exact compositions are calibrated via various growth parameters.  

 The strain has also been observed to influence the incorporation of indium in InGaN 

layers. Deatcher et al. in their work showed that for InGaN layers grown on GaN, the In 

composition increases as the film relaxes [154]. Similarly in core-shell NWs due to facile 

strain relaxation in InGaN heteroepitaxial layer up to 40 % of In was incorporated [155]. 

For NW with axial material deposition, reduced strain enhances incorporation of In thus 

allowing active region designs with emission in the ‘green-yellow’ gap and beyond. 

 Growth kinetics of AlGaN material system 

Unlike InGaN, temperature growth window of AlGaN based alloy in PAMBE is quite broad. 

Since Al has a short diffusion length, to achieve better crystalline material, an elevated 

temperature (> 650 oC) is preferred [156-158].  

Unlike In, Al forms strong bonds with nitrogen (cohesive energy of Al-N bond (2.88 eV) 

compared to Ga-N bond (2.24 eV) and gets incorporated in the crystal structure with unity 

efficiency over considerably higher substrate temperatures [159].  

The surface kinetics for AlGaN can be understood by using a rate equation which takes 

into account the net Al atoms on the surface as: 

 𝐹𝑛𝑒𝑡,𝐴𝑙 = (𝐹𝑁 − 𝐹𝐴𝑙) − 𝐹𝐷 + 𝐹𝐷𝑖𝑠 
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Unlike GaN, for AlN FD and FDis can be assumed to be zero due to strong Al-N bonds with 

nitrogen, having cohesive-energy per bond of 2.88 eV; 680 meV higher than that of Ga-N 

bond [159]. Similarly, the rate equation for Ga adatoms on the surface under metal-stable 

environment can then be modified to: 

 

 

Figure 13. Incorporation efficiency of Ga adatoms with varying growth temperature [149]. 

 

                  𝐹𝑛𝑒𝑡,𝐺𝑎 = 𝐹𝐺𝑎 − (𝐹𝑁 − 𝐹𝐴𝑙) − 𝐹𝐷 − 𝐹𝐷𝑖𝑠                                       

where Ga dissociation can be considerable at elevated temperature and cannot be 

neglected as shown in Figure 13. It has also been observed that Ga sticking coefficient is 

reduced in the presence of Al adatoms [160]. Compared to 3.4 eV for Al, the evaporation 
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energy for Ga is 2.8-3.1 eV, which makes Ga > 1000 times easier to evaporate from the 

surface than AlN at temperatures above 700 oC [25, 161]. Thus for very high temperature 

(> 700 oC) the above equation needs to be modified taking into account non-zero values 

for  FDes, Ga and FDis, Ga.  

In the AlGaN material system, Al-N bond is stronger than Ga-N bond, which allows Al to 

react first with nitrogen. Thus during metal-stable growth for planar layers, the 

percentage of Al can be approximated using adatom fluxes as: 

𝑥 =
𝐹𝐴𝑙
𝐹𝑁

 

Under nitrogen-stable state (excess nitrogen is present), relevant for NWs growth, both 

Al and Ga can be assumed to be incorporated with 100 % efficiency and the respective 

percentage of Al can then be approximated as: 

𝑥 =
𝐹𝐴𝑙

𝐹𝐺𝑎 + 𝐹𝐴𝑙
 

As will be discussed later, growth kinetics are quite different in the case of the NWs where 

the adatoms can arrive at the top surface via sidewall. Depending on the growth 

temperature Al has a much shorter diffusion length than Ga. Even though the energy 

barrier for the diffusion process is quite low on the sidewall m-planes, for taller NWs, Al 

has been seen to get incorporated resulting in a spontaneous formation of core-shell or 

increase in NW diameter.   



60 
 

 

 Fabricating and growth of NWs 

NWs can be realized using post-growth fabrication of planar layers or can be directly 

grown epitaxially on various substrates. 

2.4.1 Fabricating NWs using top-down approach 

In the top-down approach, the material is anisotropically removed using a hard mask, 

with the remaining material having wire like geometry. Normally to achieve high 

resolution requires techniques such as electron beam lithography (EBL), nano-sphere 

lithography, and nano-imprint lithography to define the mask. Inductive coupled plasma 

reactive-ion etching (ICP-RIE) or wet chemical etching is then used to remove the 

unwanted material. Optical devices including LEDs have been demonstrated using this 

process [162]. Though complete control on the size and position of the NWs makes this 

technique useful for appropriate application, contamination of the sidewall during 

etching and the presence of inherent defects provides the motivation to look into other 

approaches. 

2.4.2 Catalyst-assisted NWs growth 

Unlike the top-down approach, NWs can be nucleated on a certain substrate using the 

right growth parameters. In catalyst-assisted growth, a seed particle, often a metal (nickel 

(Ni), gold (Au), gallium (Ga), etc.) is used to promote vertical growth[163, 164]. The 

morphology of the NWs can then be tuned based on the particle size and growth time. 
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Also, by changing the thermodynamics and growth kinetics at the nucleation site, both 

nitrogen and metal polar NWs can been demonstrated. What makes seed-assisted growth 

attractive is the absence of any requirement for the substrate. Though challenges arise 

for making sharp interfaces and uniform doping, as various element species have 

different solubility properties in the seed metal particle. Also, unintentional doping of the 

seed particle can deteriorate material properties [165]. For large area growth, deposition 

of uniform seed particles to act as a catalyst adds to the complexity of fabrication.  

2.4.3 Catalyst-free NWs growth 

NWs can be grown catalyst-free by carefully choosing the substrate with specific 

crystallographic direction and growth conditions. 

2.4.3.1 Selective area growth 

 In selective area growth pattering is done to expose certain areas of the substrate to 

promote the nucleation of the NWs, making use of the dispersion of adatom surface 

kinetics on different surfaces [166]. Normally dielectric or metal nitrides are used as a 

mask on which metal adatom have vanishingly low sticking coefficient. With this 

approach, large area, regular patterns of NWs with varying size and distribution have been 

demonstrated which makes the fabrication easier. Though, time consuming and cost 

ineffective approaches such as e-beam lithography technique are used to define the 

nano-template structures.  
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2.4.3.2 Spontaneous growth 

This section covers the detailed growth mechanism of self-induced GaN growth in PAMBE. 

Typically in PAMBE temperatures more than 650 oC are required to ensure good quality 

of material. The temperature as discussed before governs the desorption and adsorption 

of the impinging adatoms thus controlling the density, growth rate and morphology of 

the NWs. Careful control is required since lower temperature may increase the chances 

of nucleation but can also result in coalescence under preference for two-dimensional 

growth. Similarly higher temperatures may be required for better crystal quality but might 

result in significantly lower areal density if desorption outpaces adsorption. Also, 

nucleation layers such as SixN, which spontaneously form during plasma exposure or 

intentionally deposited Ti layers also affects the GaN nucleation process [167, 168]. NWs 

have been demonstrated to grow on a variety of substrate including Al2O3, Si (111), Si 

(100), metals (Ti, Ta), etc. [169-171].   

The nucleation and eventual growth of NWs can be described in two steps: first, there is 

nucleation phase governed by ‘thermodynamics’ process followed by the second step 

which is kinetic driven and ensures 3D anisotropic growth. The nucleation process starts 

with the random formation of nanometer-sized clusters of GaN (~7 nm) on flat surface 

steps of Si (111) or SixN openings [172, 173]. This phase is thermodynamically governed 

with growth in c-direction (0001) and m-direction (1-100) to minimize free surface energy. 

Growth conditions are tuned so that the axial growth is faster than radial growth resulting  
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Figure 14. The different mechanism at play during NW growth. 

 

in large aspect ratio in the absence of coalescence. This can be done by increasing the 

active nitrogen flux ratio to that of metal. Increasing the growth temperature enhances 

adatom diffusion length (δ), determined by the diffusion and lifetime constant, and 

therefore promotes axial growth. The semi-spherically shaped clusters then go through a 

transition period in which they coalesce and adopt a NWs geometry which involves axial 

elongation and radial growth. Since SixN is amorphous in nature, the spherical capped 

shaped nuclei have a direct transition into hexagonal NW geometry without nucleation of 

a misfit dislocation [174]. The out of plane growth is mainly governed by ‘kinetics’ phase. 

The rate at which axial growth then proceed the following nucleation is dependent on the 

metal adatoms species arriving at the top surface and via diffusion mechanism, as shown 

in Figure 14. The energy barrier (~0.2 eV) for metal Ga adatoms is significantly lower on  
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Figure 15. NW growth on SixN or TiN underlayer having N-polarity. 

 

the non-polar sidewalls plane of the NWs [175].  This permits easy migration for the Ga 

adatoms to arrive at the c-plane without getting incorporated at the non-polar facet thus 

letting anisotropic 3D growth to proceed [172]. With increase in the height of the NW, 

noticeable radial growth can occur as the diffusion length of Ga adatoms at NW sidewall, 

and on SixN is approximately 50 and 100 nm [176].  Such effects can be controlled by 

increase the diffusion length of the adatoms via increasing substrate temperature. 

Furthermore, it has been observed that the MBE grown NWs have an inverse tapered 

geometry i.e. the NWs diameter increases as the growth proceeds. This creates a 

shadowing effect which can enhance vertical growth and suppress spontaneous sidewall 

growth [177]. If the growth conditions are not optimized the NWs can eventually coalesce 

and form dislocation and grain boundaries resulting in non-radiative recombination 

centers. Unintentional shell formation has been observed when growing AlGaN/GaN 

which can reduce surface recombination and in turn carrier leakage [178, 179]. Though 
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the resistance of this shell layer is dependent on its thickness thus the growth conditions 

need to be chosen carefully. 

 In MBE due to the source geometry and the arriving sources material from the top facet 

side, axial growth is favored [180]. But in MOCVD the materials are present as gases thus 

can easily be incorporated axially and radially allowing the controllable growth of core-

shell structures [181].  

In bottom-up catalyst-free NW growth, only slight transfer of epitaxial configuration 

happens as the in-plane orientation of the NW is often quasi-aligned to the substrate 

[182]. Unlike, growth on AlN buffer layers, NW grown on SixN and TixN mostly acquire N 

polarity as shown in Figure 15 [183, 184].  

2.4.3.3 Growth parameters governing NWs morphology and areal density 

NWs have been shown to grow on a variety of platforms e.g. Si (100, 111), sapphire, etc. 

As can be seen in Figure 16, the nitrogen-rich condition is required to nucleate NW. To be 

noted is that nitrogen-rich condition may also lead to 3D coalesced surfaces which are 

different from NWs. Thus, when growing NWs, the growth parameters and the nucleation 

layers have to be carefully chosen.  

NWs properties can drastically change depending on the growth parameters with some 

mentioned below: 
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Figure 16. Growth diagram of GaN NWs nucleated on Si (111) substrate [185]. 

 

a) Arial density - Inversely proportional to the substrate temperature and increases 

with total metal flux [186, 187]. 

b) Diameter - Increases with the active nitrogen species present [188]. 

c) Height – Depends on substrate temperature and decreases with NW diameter and 

density [186, 188]. 

d) Directionality - Depends on the nucleating layers (AlN, SixN). Depends on flux ratio 

(III/V) and temperature [189]. 

e) Polarity – Determined by the flux ratio, wetting layer and buffer layer [190, 191]. 

f) Crystal Quality - Increases with growth temperature. 
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g) Growth Rate - III/V flux ratio, total fluxes, diameter, and density of NWs. 

The Growth mechanism of NWs has been studied intensively. Unlike Stranski-Krastanov 

growth method in which built-in compressive strain leads to 3D structure formation, NWs 

have been shown to nucleation via plastic relaxation which creates edge type dislocation 

at the nucleating site. Following relaxation, material grows as a single crystal with nearly 

zero TDs [192]. NWs grow at no preferential nucleation sites but are thermodynamically 

driven normally occurring on Si flat surfaces [193]. Vapor-liquid-solid (VLS) [194, 195] and 

diffusion [193], [189] [188, 196] are two competing processes used to describe the growth 

of NWs. 

 Competing growth technologies 

NWs, with the bottom-up approach, have been grown successfully using various epitaxy 

techniques each having their niche. More commonly used are as follows:  

2.5.1 Chemical vapor epitaxy 

Chemical vapor epitaxy (CVE) relies on the decomposition of the precursor at high 

temperature over a substrate. For nitrides, the metal vapors are supplied to the substrate 

using hydrogen or nitrogen carrier gases. Nitrogen is then introduced in the form of 

ammonia which decomposes at temperatures above 800 0C and reacts with metal species 

to form binary or ternary nitrides.  CVE is mainly used for growth of thick materials but 

due to the continuous presence of metal species heteroepitaxy is not possible. 
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2.5.2 Hydride vapor phase epitaxy 

Similar to CVE hydride vapor epitaxy (HVPE) uses metal precursors but in the form of 

halides. The non-equilibrium reaction process occurs at elevated substrate surface 

temperature resulting in the formation of metastable compounds. HVPE can reach 

growth rate of ten of micrometers per minute and have been used to demonstrate self-

induced NWs growth [197].  

2.5.3 Metal-organic vapor deposition 

Metal-organic vapor deposition (MOCVD) uses metal-organic gases as metal precursors 

which can be controlled thus allowing heteroepitaxy. The metal constituents are kept in 

liquid phase but are carried to the chamber using a carrier gas. Mostly, particle-assisted 

NWs are growth using this method [198]. 

2.5.4 Molecular beam epitaxy 

Molecular beam epitaxy (MBE) was invented by J. R. Arthur and Alfred Y. Cho [199] and is 

widely used in the manufacturing of thin film semiconductor based electronics and 

photonics based devices.   

In solid-source MBE, under a high vacuum environment, a beam of pure material is 

formed, when sublimated at elevated temperature, and impinges the substrate surface 

directly. This is due to ultra-high vacuum, which allows the atoms to move with a mean-

free-path of several meters. Furthermore, low pressure leads to reduction in impurity 
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incorporation such as C, O and H which are the main contaminants in other competitive 

growth techniques such as MOCVD and ammonia based MBE [200]. The growth rate 

achieved in such low vacuum conditions can be < 1 nm/min, thus resulting in controllable 

heteroepitaxial growth of materials. Dedicated shutters for each source can be 

individually controlled to adjust the growth rate and composition. The substrate is heated 

to modify the growth kinetics giving an added flexibility to the user to improve the crystal 

quality of deposited material. 

Since the growth is done at relatively low temperature, MBE provides the unique ability 

to synthesize materials without achieving thermodynamic equilibrium [201]. Thus growth 

is mainly governed by surface kinetics processes such as adatom diffusion, incorporation, 

dissociation, and desorption. PAMBE has been extensively used in grown in catalyst-free 

NWs. 



70 
 

 

 Experimental methods 

In this chapter the growth process of planar structures on AlN template and patterned 

substrate is initially discussed. We increase understanding of the nitride planar growth 

kinetics and identify bottlenecks associated with it.  The study was extended to catalyst-

free growth of NWs on Si and Ti/Si substrates.  2-step growth method was developed to 

nucleate densely packed and vertically aligned NWs on Ti/Si substrate. Several 

experimental techniques were employed to investigate nanowire (NWs) material, optical 

and electrical properties. Electron microscopy was used to identify the overall 

morphology and crystal quality of the NWs. X-ray diffraction (XRD) was used to identify 

the nucleation layers which promote NWs growth. Post-growth fabrication processes, of 

UV-Vis NWs LEDs is discussed. In addition, bias-dependent Raman spectroscopy 

measurement was performed to understand phonon transport properties of the NWs. 

Photoluminescence (PL) and electroluminescence (EL) techniques were utilized to 

examine the recombination processes using optical excitation and electrical injection.  

 Planar growth on AlN template 

Understanding of growth kinetics of the nitride material system was established by 

growing planar heterostructures on AlN template substrates having 500 nm of AlN 

coalesced NWs grown by HVPE. The growth was initiated with a thin (200 nm) AlN planar 

layer. The growth was done under metal-stable conditions and to avoid formation of Al 
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droplets, interruption technique was utilized with simultaneous exposure to nitrogen 

plasma source [153]. The interruption process was calibrated using RHEED to bring the 

intensity of the primary spot back to the original value. Initial spotty RHEED pattern, an 

indication of a 3D surface, changes to streaky patterns corresponding to preferential 2D 

layer-by-layer growth. On top of AlN, an AlGaN buffer layer was grown followed by 

AlGaN/AlGaN MQWs having an insertion of two monolayers of AlN layer [202]. An 

atomically smooth surface is obtained with the corresponding streaky RHEED pattern.  

 

 

Figure 17. (a) Temperature-dependent PL., and (b) MQW structures designed to emit at different wavelengths. 

 

Figure 17(a) shows the temperature-dependent (TDPL) (6 K to 273 K) of the AlN insertion 

based MQW structure. Three prominent peaks show up at low temperature which can be 

attributed to emission from the buffer, quantum well, and sub-bandgap trap states. In 

Al %  decreasing →         
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the presence of significant dislocation density originating from the underlying substrate, 

the calculated IQE was less than 5 %, assuming 100 % radiative efficiency at 20 K, thus 

showing challenges associated with planar growth on lattice mismatched substrates. Also, 

a strong emission from the thicker quantum barriers (QBs) inside the active region is an 

indication of carrier escape from the (QWs) in presence of large polarization fields. To 

develop an understanding of the change in composition multiple structures having 

different Al to Ga flux ratio were grown. As shown in, Figure 17(b) an expected blue shift 

in peak emission, with increasing in Al flux, is observed as suggested by the growth 

kinetics model for AlGaN discussed in chapter 2. 

Since the threading dislocation density without incorporating complex defect filtering 

schemes is considerably higher (> 109 cm2), patterning the substrate into micro-sized 

pillars and consequently growing on top of the pillars have shown promising results in 

reducing TDs which terminate at the exposed surfaces. 

AlN template substrates were patterned using the scooping method which utilizes a 

mono-layer of SiO2 spheres placed on the surface.  Using SiO2 sphere as a hard mask, the 

substrate is etched using ICP-RIE as shown in Figure 18(a). Following HF removal of SiO2 

spheres, AlN is grown using standard growth recipe in PAMBE under metal-stable 

conditions. It was observed that due to the small diffusion length of the aluminum 

adatoms, preferential top surface growth, promoted vertical column growth in the c-

direction. AlGaN was the subsequently grown to reflect real device structure. As shown  
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Figure 18. Patterned AlN template using SiO2 spheres as a hard mask, b) AlN overgrowth on etched domes. 

 

in Figure 18(b), a significant lateral growth, due to high Ga adatom mobility, happens 

resulting in subsequent coalescence. Considerable grain boundaries appear as shown in 

angled SEM image making such platform impractical in terms of carrier leakage and large 

non-radiative recombination centers.   

Keeping in mind the challenges attributed to planar structures and patterned 

growth, NWs platform was explored in detail as a viable option in realizing efficient 

devices. 

 Catalyst-free NWs growth using PAMBE 

GaN nanowires (NWs) were grown using GEN930 plasma assisted molecular beam epitaxy 

(PAMBE) with Ga, indium, and aluminum as metal sources. Active nitrogen species were 

obtained using VECCO radio frequency (RF)-plasma source. Mg and Si were used as p-type 

and n-type dopant to achieve p-i-n heterostructure. Typically chamber pressures 
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recorded during growth were in low 10-5 Torr mainly depending on the plasma conditions. 

RHEED was utilized to observe surface reconstruction, NWs nucleation process and their 

resulting morphology.  

3.2.1 NWs growth on Si substrate 

 

Figure 19. NWs were grown on Si (100) with increasing growth temperatures T1> T2> T3. 

 

GaN NWs shown in Figure 19 were grown on Si (100) at the temperature of T1 (700 oC). 

Plasma condition used were N2 flow (1 sccm) and RF power (350 W) with Ga beam 

equivalent pressure (BEP) as measured by beam flux monitor (BFM) was 5Х10-8 Torr. Thus 

a flux ratio of ~ 1/3 for group- III/V resulted in highly nitrogen rich conditions. In Figure 

19(a) inset observation of diffused spotty/arcs indicates 3D nucleation of elongated 

structures in the c-direction. For an ideal scenario where the NWs are all directed in the 

c-direction, spotty RHEED is expected. Such scenario has only been reported using 

nucleation layers such as AlN [203]. Though, such nucleation layers might not be suitable 
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for devices where carriers are injected from both the top and the bottom of the NWs. As 

can be seen in Figure 19, across the wafer, the density of NWs increases from the center 

to the edge of the wafer. Such relationship is attributed to an increase in the number of 

thermodynamically favorable sites for nucleation with a decrease in temperature. The 

variation is introduced due to the dissipation of heat via the pins holding the substrate. 

This variation in temperature across the sample can have a significant impact on the 

growth kinetics. Coalescence of the NWs observed in Figure 19(c) directly depends on the 

proximity of the NW, determined by the density and the surface temperature. Thus 

temperature has to be carefully tuned using the installed infrared (IR) pyrometer, to avoid 

coalescence before the growth of the active region while maintaining a high areal density 

to ensure substantial gain. The average diameter was found to be around 70 +/- 10 nm 

with a tapered morphology. This is due to the decrease in surface temperature of the 

NWs top surface, thus promoting lateral growth of material as shown in in Figure 19(b) 

inset. Moreover, the buildup of strain in heteroepitaxy and the impinging flux angle to the  
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Figure 20. TEM image of AlGaN based MQW structure grown using PAMBE. (b) The rare appearance of stacking 

fault. (c) The active region consisting of well-defined Qdisks.  

 

surface has also shown to impact NW morphology [204, 205]. In AlGaN NWs growth 

incorporation of high Al content on the sidewall of the NWs has been reported mainly 

due the small diffusion length of Al adatoms and their failure to reach the reach growing 

facet. Furthermore, an overall reduction in the height of the NWs is observed with 

decrease in temperature. Such behavior has been described by the increasing number of 

NWs with the expanding diameters with each consuming their share of the impinging 

material species.  

An in-depth study of the NWs structure and material quality was performed using TEM 

characterization. As shown in Figure 20, NWs with clearly visible MQWs (stack of 15) can 

be seen with different contrast attributed to the varying concentration of Al present, with 

darker color referring to higher Al percentage. In Figure 20(b) inset, a stacking fault is 
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observed, but such occurrence was rare. The stacking fault occurs mainly as a result of a 

switch in atoms stacking configuration from the typically wurtzite ABAB order to the cubic 

ABCABC order [206]. Such defects have shown to introduce shallow acceptor states which  

 

 

Figure 21. Changing room temperature PL emission wavelength with increasing Al %, from right to left, in the 

active region. 

 

lead to a reduction in emission efficiency [207, 208]. These stacking faults have also been 

reported to acts as thin quantum confined regions and can have a detectable unwanted 

photoluminescence broadening the expected emission. 

As can be seen from Figure 21 NWs PL structures grown on Si provides the platform in 

realizing structures with emission wavelength from UV-B all the way to UV-A. As predicted 

←  Al % increasing  
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by the AlGaN growth kinetics model, to achieve shorter wavelengths, the ratio of Al to Ga 

flux was increased.  

 

 

Figure 22. Room temperature time-resolved PL measurement of (a) AlGaN and (b) GaN within the same NW. 

 

Time-resolved PL (TRPL) is an important technique in understanding the photo-generated 

carriers’ temporal de-excitation dynamics in a material. The excited carriers can either 

recombine through band edge states or trap states in the active region. From the 

lifetimes, an analysis can be developed on the quality of the material. TRPL was done on 

the NW samples grown using PAMBE. As seen in Figure 22, GaN being a binary material 

and having a better crystal quality showed a much smaller lifetime of 14.9 ps compared 

to 106 ps in AlGaN. This is due to the compositional inhomogeneity present in AlGaN 

which traps carriers [209]. Such inhomogeneity exist due to statistical nature of 

incorporation, strain relaxation and low diffusion length of Al adatoms under nitrogen-

stable conditions [209-211]. Impurities incorporated at low temperature under nitrogen-

(a) (b) 
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rich conditions can also degrade the material quality. In comparison to 2D layer-based 

structures, the lifetimes reported in our NWs are considerably smaller in magnitude, due 

to reduced polarization fields and improved crystal quality thus showing better radiative 

recombination strength [212-216].  

Silicon, being a cheap foundry compatible substrate, allows implementation of top 

emitting devices with the added advantage of controllably growing densely packed NWs. 

Though, spontaneous formation of SixN at the NWs base can have detrimental heating 

and junction resistance effects on device performance. Thus, a modified platform built on 

Si was explored which can overcome the SixN associated bottleneck for high power optical 

devices.  

3.2.2 Growth on Ti/Si substrate 

NWs growth on 100 nm Ti coated Si substrate were studied. Ti was deposited using 

electron beam evaporation. Atomic force microscopy image of the substrate prior to 

growth shows a surface roughness of 2 nm in Figure 23(a). No cracks were observed in 

scanning electron microscopy (SEM) image as shown in Figure 23(b). With Ti layer 

thickness exceeding 300 nm, obvious cracks were observed. Possible strain build up in Ti 

layer and severity of thermal expansion mismatch were considered has the main culprits. 
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Figure 23. (a) Atomic force microscopy image of the 100 nm Ti coated Si wafer. (b) No apparent cracks were 

observed in scanning electron microscopy image. 

 

Based on prior growth experience of NWs on Si, plasma conditions were kept constant at 

1 sccm and 350 watts, but Ga flux was slightly increased to 7.5×108 Torr to increase NWs 

nucleation probability on Ti/Si substrate. For calibration, thermocouple temperature was 

varied from 560 oC to 650 oC. As can be seen from Figure 24, the nucleation density of 

NWs is very different from that on Si. This is expected as the buffer layer is TiN which 

spontaneously forms on exposure to plasma, instead of SixN, resulting in significantly 

different adsorption, desorption, dissociation, and surface diffusion properties of 

adatoms. 
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Figure 24. Temperature-dependent growth of GaN NWs on Ti/Si substrate. 

 

The density of NW drastically reduces as temperature is increased above 560 oC. At 650 

oC, a significant change in surface morphology is observed which may occur due to 

degradation of Ti layers in the presence of different thermal expansion of Ti and 

underlying Si layer. Also, TixSi formation can introduce additional stress inside the Ti layer 

affecting the growth kinetics and possible nucleation sites. 

 

 

Figure 25. 2-step growth method adopted to nucleate large areal density of GaN NWs. 
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Taking into account the observed trend to achieve high density of NWs, 2-temperature-

step growth method was adopted. In the first step, NWs were nucleated at a much lower 

temperature of 500 oC, to increase nucleation probability. Small grain-like structures were 

observed to form. Following low growth temperature step, the temperature was ramped 

up to 600 oC. Higher temperature growth promoted axial growth, resulting in vertically 

aligned NW with large aspect ratio as shown in Figure 25(a)-(b). The inset shows RHEED 

image, showing arc pattern indicating NW formation but with larger variation in NWs 

vertical direction as compared to that of Si. Such inhomogeneity is expected in the 

presence of an additional Ti layer on top of atomically smooth Si surface. Ideally, vertically 

aligned NWs should have spotty RHEED pattern normally observed with AlN buffer layers 

[217]. Slight inhomogeneity in NW direction, when grown on Si or Ti/Si pattern results in 

diffused spots appearing on RHEED as arcs due to diffraction from different exposed 

crystal planes. The areal density was more than ~109 cm-2 reflecting advantage of 2-step 

growth method while also ensuring improved crystal quality. The NWs were seen to be 

well separated as observed from SEM images taken at 45o Figure 25(b).  At the edge of 

the sample, where the temperature is typically 20 oC lower, the higher density led to slight 

coalescence as shown in Figure 25 (c), similar to what was observed on Si. Figure 25(d) 

shows NWs with flat tops and radially diameter ranging from ~70 nm up to ~120 nm. Such 

inhomogeneity can be due to variation introduced by the low-temperature growth step. 

In a separate study on Ti/Mo substrate, it was seen that density of NWs increased with 

increase in Ga flux. Furthermore, for the ratio of group III/V flux close to 1, severe 
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coalescence was observed. This behavior is attributed to more preferential 2D layer 

growth under significant Ga flux. Similarly on lower the temperature while keeping Ga 

flux constant, similar coalescence was observed. This happens due to high nucleation 

probability of the NWs and low Ga diffusion length, thus promoting lateral growth [171]. 

3.2.3 Substrate preparation 

For this study 2’’, 250 µm thick Si (100) and Ti coated Si (100) substrates were prepared. 

The native oxide was removed from Si (100) using HF-H2O solution. For Ti coating 

deposition of 100 nm of Ti was done using electron-beam evaporator with baseline 

pressure in 7x106 Torr range which came down as the deposition proceeded.  The rate 

and thickness were monitored using crystal oscillator. To improve the uniformity and 

homogeneity of tightly packed NWs, the Ti layer was evaporated using a low deposition 

rate of 0.5 Å/s on a pre-cleaned atomically smooth Si substrate. For growth on Si (100), 

substrates were immediately loaded into the vacuum chamber preventing the formation 

of an oxide layer. To remove any water components, the sample was outgassed in the 

load-lock chamber at 200 °C using an IR filament. Outgassing at 600 °C was subsequently 

done in the buffer chamber to remove any organic based contaminants. The substrate 

was then ramped up to growth temperature. Up till the initiation of the growth, the wafer 

was kept away from the sources. For growth on bare Si substrate, to ensure complete 

removal of oxide, the temperature was ramped up and kept at 900 oC for 30 mins prior 
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growth. For Si (111) substrate a clear 7x7 surface reconstruction was observed around 

810 oC following the SiO2 removal process adopted for Si (100).    

 Temperature-dependent photoluminescence 

In photoluminescence, a material is excited with photons having energy larger than its 

bandgap. On absorbing the light, the optical generated electrons relax to the bottom of 

the conduction band edge, where they recombine with holes and reemit photons. The 

emitted photon’s energy is directly related with the bandgap of the material and in-turn 

the composition of the alloy.  For heavily doped materials, the emitted photons have a 

red shift due to band tailing effect [218]. Similarly, impurities introduce trap states which 

capture free carriers. The transition through trap states can be both non-radiative and 

radiative. Moreover, structural and material alloy inhomogeneity can lead to broadening 

of the PL signal. 

Micro temperature-dependent photoluminescence (μTDPL) measurement was adopted 

for visible emitting samples using a 405 nm excitation laser integrated with a Janis CCS-

XG-M/204N and Ocean Optics QE6500 spectrometer. The temperature was varied from 

10 K to 300 K, and the signal was measured to study emission from Qdisks embedded in 

NWs.  

At low temperature (10 K), excited carriers can freeze, spatially, due to reduced diffusion 

length and local energy barriers. This prevents the carrier from being captured by non-
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radiative recombination centers resulting in an enhancement of the PL signal. Internal 

quantum efficiency can then be calculated assuming 100 % radiative efficiency at 10 K.  

For UV emitting samples, room temperature photoluminescence (RTPL) measurement 

was performed using a 266 nm excitation pulse laser (SNU-20F-100) in a reflective mode 

configuration. The laser pulses had a repetition rate of more than 6 kHz and pulse width 

of less than 0.6 ns. Average out power was measured to be more than 2 mW with peak  

 

 

Figure 26. TDPL setup for UV emitting devices. 

 

power reaching 0.5 kW. The PL signal was collected using a UV objective (LMU-5X-UVB) 

and using a beam splitter (BSW19) and then focused into the Andor monochromator 

(Shamrock 750). A 266 nm high-pass filter (LP02-266RU-25) was used to filter off laser 
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radiation. Signal was measured using a cooled (-80 oC) iDUS UV/Vis silicon-based CCD 

camera connected to the monochromator set to 300 blaze. 

TDPL measurement was performed using a 266 nm pulse excitation laser integrated with 

a Janis CCS-XG-M/204N and Ocean Optics QEPRO spectrometer with the spectral range 

starting from 200 nm. The laser beam was focused onto the sample using a UV plano-

convex lens with 150 mm focal length. The impinging angle of the incident laser beam 

was kept at 45o and measurement was done in reflective mode. The signal was collected 

using a 15 X UV-objective directly above the beam incident spot on the sample. The 

collimated light was then focused into a 500 µm core size UV-graded 500 µm fiber as 

shown in Figure 26. The temperature was varied from 10 K to 300 K, and the signal was 

measured to study emission from Qdisks embedded in NWs. Optical density filters in front 

of the pulse laser source were used to minimize the average power density to avoid 

saturation of trap related or other states which may lead to erroneous results. 

 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to inspect the structure morphology of the 

NWs. For the fundamental resolution limit of an imaging technique, normally Raleigh 

criterion is used [219]:  

𝑟𝑡ℎ =
0.61𝜆𝑝

𝜇 sin 𝛽
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where 𝜆𝑝is the wavelength used, 𝜇 is the refractive index and 𝛽is the semi-angle of 

collection. In SEM depending on the voltage applied, the relativistic wavelength of the 

electrons are in the sub-angstrom level. Due to objective aberration, the resolution of the 

SEM is reduced and is given by: 

𝛿𝑒𝑙 = 0.91(𝐶𝑠𝜆𝑒𝑙
3)
1
4 

where 𝐶𝑠 is the spherical aberration coefficient and 𝜆𝑒𝑙is the electron wavelength [220]. 

In SEM, secondary electrons are generated by inelastic scattering events between the 

incident electron and the sample which are captured by a detector. For our sample, 

images were taken using Nova NanoSEM 630 with a resolution of 1 nm at 15 kV 

acceleration voltage using in-lens SE detector.  

 Transmission electron microscopy 

In TEM diffracted pattern are recorded based on transmitted and diffracted electrons 

from the sample. Bright and dark field TEM images were taken which relate to different 

contrast mechanism. Typically in bright field, darker color corresponds to heavier 

elements or thicker areas. 

Since the crystal structure is periodic and the electron beam has a wavelength 

comparable with the lattice spacing, the interaction based on diffraction can be described 

by the Bragg’s law: 
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𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 

where n is an integer number, λ is electron wavelength, dhkl is the interplanar spacing and 

θ is the diffraction angle. Moreover, structural and shape factor along with crystal 

symmetry also affects the size, shape, and intensity of the diffraction pattern. To obtain 

the orientation of the crystal, convergent beam electron diffraction is performed. For GaN 

NWs, the sample is tilted to an identified major zone axis <0002> and using the Kikuchi 

map obtained the relevant information is obtained. 

3.5.1 Scanning transmission electron microscopy 

In scanning transmission electron microscopy (STEM) the electron beam is focused to a 

sub-nanometer spot size on the sample. The transmitted electron are collected, and the 

resulting pattern due to Z-contrast is related to the atomic number. The scattering cross 

section (dσ/dΩ) of the atom than can be written in-terms of its atomic number [219]: 

𝑑𝜎

𝑑Ω
=

𝑒4𝑍2

4(4𝜋𝜖0)
2𝑚2𝜗4

1

𝑠𝑖𝑛4(
𝜃
2)

 

For high resolution, Z-contrast is most prominent for dark field image with heavier 

elements appearing brighter. 

To get the out-of-plain strain field, geometric phase analysis (GPA) was applied on the 

HRSTEM images. GPA algorithm is based on calculating strain fields which are the 
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derivatives of the displacement fields along the x- and y-axes and can be defined as 

follows: 

𝑒𝑥𝑥 =
𝜕𝑢𝑥(𝑟)

𝜕𝑥
= −

1

2𝜋|𝑔1|

𝜕𝑃𝑔1(𝑟)

𝜕𝑥
     

    𝑒𝑦𝑦 =
𝜕𝑢𝑦 (𝑟)

𝜕𝑦
= −

1

2𝜋|𝑔2|

𝜕𝑃𝑔2(𝑟)

𝜕𝑦
 

where exx, eyy, ux(r), uy(r), g1, g2, Pg1(r), and Pg2(r) are the in-plane biaxial strains, out-of-

plane strain (along the growth direction), displacement field along x, displacement field 

along y, reciprocal vector along x, reciprocal vector along y, and corresponding phase 

images, respectively [221, 222]. 

 In this work, the TEM investigations were performed using a Titan 80-300 ST microscope 

(FEI Company, Hillsboro, OR). Furthermore, the microscope was operated at 300 kV in 

high-angle annular dark-field (HAADF) scanning TEM (STEM) mode. 

3.5.2 Electron energy loss spectroscopy  

For elemental mapping, at an atomic-scale electron energy loss spectroscopy (EELS) 

coupled with STEM was utilized. The microscope was operated at an accelerating voltage 

of 300 keV. The atomic-number-sensitive (Z-contrast) HAADF-STEM images of the NWs 

were obtained. This technique collects the transmitted electron spectrum based on their 

energy loss relative to the incident beam. A weighted principal-components analysis 

(PCA) was applied to reduce the noise in the spectrum images using the MSA plugin in 
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Digital Micrograph by HREM Research Inc. 

 X-ray diffraction 

 

Figure 27. Schematic of X-ray geometry where light with vector k interacts with lattice shown in black dots. 

Incident beam and the diffracted beam with k-vector k0 gives rise to S vector (probe) in relation to the crystal 

[223]. 

 

In XRD, the material is characterized using X-rays which have the wavelength of the same 

order of magnitude as the lattice spacing of crystal.  The interaction is described by 

diffraction and an interference pattern generated by constructive interference 

represented by Bragg’s law as: 

𝑛𝜆 = 2𝑑 sin 𝜃 

where d is the lattice spacing between planes. Experimentally 2θ is measured as shown 

in Figure 27. 

Different planes of the crystal can be studied by altering the crystal orientation and by 

changing the length of the S vector with angles omega and 2θ. 
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In powder XRD, the scan range of 2θ is chosen to cover all possible diffraction directions. 

As from the name of the scan suggest, the sample has to be in powder or polycrystalline. 

In this study the scan powder scan was used to identify different Ti and TiN phases. 

In the case of NWs, which are non-unidirectional, rocking curve scan cannot give a good 

image of crystal quality which is determined by the scan FWHM. But  ω-2θ can be used to 

estimate the composition of AlGaN and InGaN alloys by measuring the relative peak shift 

from their corresponding binary materials.  

For this study, the Bruker-D8 diffractometer with Cu Kα radiation was used to examine 

the orientation of the NWs via locked coupled 2θ scans.  

 Device fabrication 

Device fabrication of NWs-based devices is different from their planar counterparts. Since 

the NWs are disjointed, a planarization process is normally adopted, to expose the top p-

contact layers. Thus deposited metal does not short the device via sidewall coating. For 

visible LEDs, top contact consists of a transparent conductive oxide (TCO) for improved 

current injection. For UV LEDs, lack of transparent UV-TCO limits the use of thinner metal 

spreading layers or intentionally coalesced top p-contact layers.        

3.7.1 Visible LED 

The visible NW LEDs were fabricated using standard UV contact lithography process. The 

NWs were first planarized with parylene, etched back to reveal the p-GaN contact layers, 
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and then deposited with Ni (5 nm) / indium tin oxide (ITO) (200 nm), which forms an 

ohmic contact with p-GaN, upon annealing. ITO while being transparent to visible 

radiation acts as a current spreading layer. Ni (10 nm) / Gold (Au) (1 um) was then 

deposited as the top p-contact. Oxygen plasma and argon treatment were used to expose 

clean unoxidized Si back surface. For back contact Al (100 nm) / Ti (10 nm) / Au (150 nm) 

were sputtered as n-pad.  

3.7.2 UV LED 

The UV-B NW LEDs were fabricated using the standard UV contact lithography process. 

First, the NWs were cleaned with a BOE solution to remove any oxide layer formation. Ni 

(15 nm) / Au (10 nm) layers were directly deposited on top of the coalesced p-GaN layer 

without a planarization process, which formed an ohmic contact with p-GaN, upon 

annealing at 600 °C in O2 gas for 1 min. The thickness of the Ni/Au layer ensured decent 

spreading of current while allowing maximum emitted UV light to pass through. A thick 

Ni (10 nm) / Au (1 um) layer was then deposited as the top p-contact for probing. Silicon 

was etched 200 nm from the back to expose a clean, unoxidized surface. For the back 

contact, Ti (10 nm) / Au (150 nm) was sputtered as the n-pad. The device was annealed 

again in N2 gas at 250 °C for 1 min to form an n-type ohmic contact. 

For UV-A LEDs on Ti/Si, a planarization process was adopted using parylene-C, similar to 

visible LEDs. Ni (5 nm) / Au (10 nm) layers were then deposited using electron beam 
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evaporation following by the annealing step. Top n/p contacts were placed as discussed 

in the previous paragraph. 

3.7.3 Planarization process 

 

Figure 28. Parylene etch back process using RIE. 

 

Planarization is the most critical step in fabricating NWs based optical devices. Since 

disjointed, vertically oriented NWs are grown, to avoid shorting of the device, parylene is 

deposited to fill the empty gaps. Parylene is then etched back, using reactive ion etching 

(RIE), with oxygen as a gas, to expose the top p-GaN layer as shown in Figure 28. Tedious 

effort, consisting of repeated RIE etching and SEM observation is required, to ensure 

remaining parylene is within the tolerance limit of top p-contact layer. To avoid any 

detrimental effect of a possible formation of n-doped ON layer on p-GaN [224], BOE 

treatment was given to remove any such damage [225].    
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 Electroluminescence 

 

Figure 29. UV EL setup 

 

Electroluminescence (EL) measurement is the electrical and optical response of a material 

under the influence of passage of current.  When electron and holes are injected from 

their respective contacts, they recombine radiatively in the active region thus emitting 

photons in the process. From the obtained optical measurements (including power and 

emitted spectrum) trend with changing injected current, a judgment can be on the quality 

of material grown, doping efficiency and effectiveness of active region design in 

recombining carriers.  

Separate setup for UV and visible emitting structures were designed due to dispersive 

absorption losses of optics.  
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EL and white light characteristics were measured on a McScience LC5000 LED tester. The 

light power was captured external to an integrating sphere at a remote distance to 

facilitate probing.  

For UV emitting NWs structures EL signal was captured by modifying the UV-PL setup with 

a camera attached to the beam splitter mount as shown in Figure 29. A Keithley source 

2450C was used to inject continuous current into the device.  

 Raman 

 

Figure 30. Raman scattering. 

 

Raman spectroscopy was used to observe the vibrational, rotational and other various 

modes (phonons) supported by the crystal structure. This mechanism relies on inelastic 

scattering or Raman scattering, of monochromatic light with phonons (lattice vibrations)  
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resulting in a shift of the laser photon energy. The shift is directly correlated with 

vibrational modes of the system. 

As shown in Figure 30, if the final vibrational state of the system is more energetic than 

the initial state, the in-elastic scattering photon will be shifted to a lower frequency and 

is called a Stokes shift. In anti-Stokes shift, the final vibrational state is less energetic than 

the initial state. 

3.9.1 Temperature-dependent Raman 

Temperature-dependent Raman spectroscopy was performed on the as-grown devices 

on HORIBA LabRAM HR visible spectroscope to study heating issues. A below bandgap 

785nm excitation laser was utilized, and Raman spectra were collected using a 50x 

objective lens in backscattering geometry. The heating chamber temperature was varied 

from 20 °C to 200 oC with a step of 20 oC.  
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3.9.2 Bias-dependent Raman 

 

Figure 31. Bias dependent Raman. 

 

Bias dependent Raman was performed on a fabricated LEDs of 0.5×0.5 mm2 size using the 

above-mentioned Raman spectroscope equipped with tungsten probes and KEITHLEY 

2400 source meter as shown in Figure 31. The injected current was varied from 0 to 120 

mA in steps of 10 mA, and Raman measurement was taken at each step. To extract the 

peak position, the raw data was fitted with a Lorentzian-Gaussian fitting.  
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 Modeling quantum-confinement in nitride-based active region   

The primary cause of reduced internal quantum efficiency (IQE), in nitride-based devices, 

is the considerable band bending caused by high internal polarization fields, close to 

several MV/cm. Band bending results in reduced oscillator strength of carrier 

recombination, a dimensionless quantity expressed by the strength of direct transitions, 

and the quantum confined Stark effect (QCSE). Strong polarization fields in the barrier 

layers can considerably reduce effective barrier height thus increasing electron leakage 

into the p-GaN buffer layer, resulting in the undesirable recombination process.  

Compared to planar structures NW are considered to be strain relieved structures. Their 

inherent geometry requires 3D simulation of certain parameters with special attention to 

strain. The UV NWs LEDs were modeled using the nextnano3 software [226]. The band 

diagram of the structure was obtained by self-consistently solving Poisson’s, 

Schrödinger’s, current continuity, and carrier transport equations. For valence band, the 

6×6 k.p method was adopted to take into account non-parabolic nature of the energy 

bands. The effects of wavefunctions overlap, carrier dynamics in AlGaN based active 

region and polarization induced band bending due to interface fixed charges, were also 

considered. 

Prior to the growth of devices, an extensive carrier dynamics modeling was simulated 

using the nextnano3 software. The investigation of a 1D planar structure with novel design 
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schemes establishes the guidelines for modeling both gallium and nitrogen polar devices. 

Specific to NWs, in which strain related piezo polarization fields, and bandgap variation in 

NWs influence the band structure and recombination rates, the ‘strain minimization’ 

model was adopted to take into account strain reduction in the presence of the free 

surfaces. Based on the band structure under forward bias conditions, the emission energy 

and carrier confinement were optimized to guide the active region design and explain the 

experimental results. 

 Numerical simulation setup  

The material parameters of AlGaN and InGaN ternary alloys are expressed using Vegard’s 

law as: 

       1 . 1 . . .(1 ) x xX Al Ga N x X AlN x X GaN b x x       

where b is the bowing parameter, and X(AlN) and X(GaN) are the material parameters of 

binaries AlN and GaN with values mentioned in Table 1 [14].  

Though nitrides are direct bandgap materials, the non-parabolic nature of the bands 

signifies the use of the k.p to more accurately estimate the density of states at k=0 point 

where mostly the optical transition takes place. The electron and holes, effective masses, 

and the elastic, piezoelectric, deformation potentials and 6x6 k.p parameters for ternary 

compound were extrapolated linearly [227, 228]. The valence band offset was set to 0.85 

eV for GaN layer lattice matched to AlN, taking into account strain and polarization  
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Table 1. Material properties of the binary material used in the simulation with respective bowing parameters [14]. 

Material 

Attributes 

𝑬𝒈(eV) at 0 K a (nm) c (nm) 

Spontaneous Polarization 

(C/m2) 

Dopant (Mg) Ionization Energy 

(eV) 

AlN 6.1 0.3112 0.4982 -0.0898 0.4-0.6 

GaN 3.51 0.31892 0.5185 -0.0339 0.2 

InN 0.69 3.545 5.703 -0.042 0.06 

Bowing factor (b) 

(AlGaN) 

0.8 -0.007 0.039 -0.021 0 

Bowing factor (b) 

(InGaN) 

1.4 0.002 0.185 -0.037 0 

 

induced band bending effect. The operating temperature of the device is taken to be 300 

K. There is still a lot of discrepancy in choosing the bowing parameters due to growth 

conditions, the thickness of layers and corresponding strain, chemical ordering [229-231] 

of the alloy, and cracking of the layers [232]. 

Doping dependent mobilities for the materials were obtained using Arora model, a built-

in module for the numerical software [233]. The Arora model is introduced to depict the 

mobility as a function of carrier density, taking into account scattering by charged 

impurity ions:  
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where 𝑢𝑚𝑖𝑛, 𝑢𝑑 , 𝛼𝑚, 𝛼𝑑 , 𝛼𝑁 , 𝛼𝑎, 𝑁0 are Arora model fitting parameters [234]. 𝑁𝐴 + 𝑁𝐷 is 

the total concentration of ionized impurities. For electrons and holes, fitting parameters 

are taken with a dislocation density of 1x1018 cm-2 and 0 cm-2. Due to non-availability of 

data in the current literature, the mobility fitting parameters for holes in AlN, are assumed 

to be same as of GaN in the Arora model. 

When the carriers are injected into the active region, they can either recombine 

radiatively or non-radiatively. The recombination rates, in the simulation, are modeled 

as: 

( )Tot Inj SRH Auger DirectR R R R R                                                

where  
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τ τ. .

i
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p i n i

p n n
R

n n p n




    

2 2 2 2.( ). .( ).Auger p i n iR C n n p C p n n     
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Table 2. The coefficients used to model SRH, Auger and direct radiative recombination rates. 

Binary Alloy 

Auger Recombination 

Coefficients (cm6s-1) 

SRH Recombination 

Coefficients (cm-3) 

Direct Radiative 

Recombination 

(cm3s-1) 𝐶𝑛 𝐶𝑝 τ𝑛 τ𝑝 

GaN 1.25×10-31 5×10-32 10×10-9 20×10-9 0.45×10-10 

AlN 5×10-32 5×10-32 5×10-9 10×10-9 0.18×10-10 

InN 7×10-30 6×10-30 10×10-9 20×10-9 0.5×10-10 

 

where τn, τp, Cn and Cp are Shockley-Read-Hall, Auger and direct radiative recombination 

rates coefficients, respectively. In the case of nitride-based devices, Auger recombination 

Cp.n2.p is dominant, due to the poor hole injection into the active region. The constants 

used in the simulation are shown in Table. 3 [14, 235, 236]. At a lower carrier injection, 

the recombination is dominated by non-radiative recombination. With an increase in the 

forward bias, direct radiative recombination takes over. For high injection, Auger 

recombination can be significant. Auger recombination rate has been considered as a 

dominant mechanism for efficiency rollover, or droop, in nitride-based devices [237].  

Since the Auger recombination is a three particle process, an increase in carrier density 

increases the Auger recombination rate. For large bandgap material, the Auger 

recombination is suppressed due to smaller recombination coefficients <1031 cm6s-1. 
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Shockley-Read-Hall (SRH) recombination, on the other hand, is a one particle process 

which can be significant at lower carrier densities for large bandgap materials, as the trap 

states move closer to the center of the bandgap. For UV devices both SRH and Auger can 

be significant and have to be taken into consideration in device design. 

For the current problem, the Poisson and Schrodinger equations are calculated self-

consistently. Quantum region is defined in the active region to model quantum 

confinement, quantum current flow, and tunneling. Assuming absence of recombination 

and generation, and close to thermodynamic equilibrium, current J(x) can be calculated 

using Boltzmann equation as: 

𝑛(𝑥) =∑|𝛹𝑖(𝑥)|
2𝑓 (

𝐸𝐹(𝑥) − 𝐸𝑖
𝑘𝐵𝑇

)

𝑖

 

𝑗(𝑥) = 𝜇𝑛(𝑥)𝛻𝐸𝐹(𝑥) and 𝛻. 𝐽(𝑋) = 0, 

where n(x) is the carrier density,  𝐸𝐹(𝑥) the quasi-Fermi level, µ the mobility and 𝛹𝑖(𝑥) 

and Ei are the Eigen states obtained via solving the Hamiltonian as: 

�̂� =
1

2𝑚
[�̂� + 𝑒�̂�(𝑥)]

2
+ 𝑉(�̂�) 

Computationally, the Schrodinger, Poisson and current continuity are solved iteratively. 

The equations are discretized according to finite element method. Firstly the quasi-Fermi 

level is calculated self-consistently from the current continuity equation keeping the 
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wavefunction and potential fixed. In the second part of the iteration, the quasi-Fermi 

levels are kept constant, and the density and the potential are calculated self-consistently 

from the Schrodinger and Poisson equation [238]. 

Unlike planar structures, NWs based on their 3D geometry and better crystal quality are 

expected to show different carrier dynamics in terms of current flow and recombination 

rates. For Arora mobility model, due to unavailability of fitting parameters in literature, 

similar to planar values were assumed. Also, in planar structures where defect-assisted 

Auger recombination process can contribute to larger C values, in NWs experimentally 

derived coefficient of C0 ~10-33 cm6s-1 is used which is in good agreement with theoretical 

predictions [123]. Due to the pristine nature of the NWs material, lifetime coefficients of 

SRH recombination are expected to be larger (100 ns) and that of radiative recombination 

to be relatively smaller [239]. Non-radiative recombination at the surface sites can be 

taken into account by introducing a surface recombination velocity of 5×104 cm2s-1
 [239].  

But based on our experimental observation related to the spontaneous formation of a 

core-shell which acts as self-passivation, surface related effects were neglected. The 

strain which has an indirect effect on radiative recombination strength via polarization 

fields and in turn energy band bending was calculated using built-in ‘strain minimization 

model’. 



105 
 

 

 Simulation of planar structures 

To understand the carrier dynamics in nitrides based heterostructures, less 

complicated planar structures were numerically analyzed with new design schemes based 

on graded, SL and insertion layers. Thus better understanding of the built-in fields on the 

carrier recombination and flow dynamics was developed. The numerical model was then 

extended to the case of NWs. The grown planar structures accumulate strain energy, 

compressive or tensile, resulting in piezo-polarization fields. The strain is assumed to be 

homogenous within a single layer. Typically grown planar layers are kept 

pseudomorphic/fully strained to the thick bottom substrate, to avoid the formation of 

defects. This inherent bottleneck prevents the growth of thick active regions. 

Furthermore, the adopted metal-stable conditions ensures metal-polarity of the grown 

material. The following section covers the different design adopted to improve injection 

and radiative recombination rates inside the active region of the planar structure.  

4.2.1 Enhancement of hole confinement by monolayer insertion in asymmetric 

quantum-barrier UV-B LED device. 

We study the improved hole confinement by having a large bandgap AlGaN monolayer 

insertion (MLI) between the quantum well (QW) and the quantum barrier (QB). Quantum 

well is defined as a potential well which confines particles at the scale of their bohr radius 

thus resulting in discreet energy states. For nitrides electron bohr radius can be as large 

as ~3 nm [240].  The active region is based on AlaGa1-aN (barrier) / AlbGa1-bN (MLI) / AlcGa1-
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cN (well) / AldGa1-dN (barrier), where b > d > a > c. A large bandgap AlbGa1-bN monolayer, 

inserted between the QW and QB, was found to be effective in providing stronger hole 

confinement. 

 

 

Figure 32.  Band diagram and wavefunction profiles corresponding to a) electron and b) holes, in the active 

region, for different structures. The fraction indicated, such as 0.7, 0.8, 0.9, and 1 is the Al compositions, and 

the Ref structure does not have the insertion layer (IL) . 

 

Figure 32, shows the carrier wavefunctions with the corresponding band edges. Insertion 

layers with carrying thickness and composition were modeled and the respective hole and 

electron wavefunctions were calculated. For the reference structure, a valence band 

offset of 63 meV results in the lack of hole confinement, causing the hole wavefunction 

to spread out into the barrier. In the presence of an insertion layer, as shown in Figure 

32(b), confinement energy jumps to 265 meV for structure C (insertion layer thickness of 
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0.25 nm~1MLI and Al concentration of 70%), causing the wavefunction to localize inside 

the well. For a 0.25 nm MLI, increase in the insertion layer Al mole fraction, leads to 

improvement in hole confinement as shown in Figure 32 (b). Therefore IL minimizes the 

hole overflow into the n-cladding. A decrease in wavefunction overlap was observed with 

thicker IL due to larger bend bending and carriers confinement, at the bottom barrier well 

interface. Furthermore, a flip in electric field direction is observed, in this region, with an 

increase in the insertion layer thickness.  

A rise in hole density is observed with more Al mole fraction inside the insertion layer. 

This enhancement in carrier density can be attributed to stronger confinement of hole in 

the active region. The shift of valence band to lower energies due to polarization induced 

fields is also seen with thicker insertion layer leading to increase in hole density by a 

couple of magnitudes. Thus the issue of hole leakage into n-cladding, for a single QW 

based device, is mitigated by using a inserting a large bandgap material. 

The single QW based UV-LED was designed to emit at 280 nm. An enhancement of more 

than 30% in the spatial matrix element was observed in structure C [6].   

4.2.2 Enhancing carrier injection in the active region of a 280 nm emission 

wavelength planar LED using graded hole and electron blocking layers. 

A theoretical investigation of AlGaN UV-LED with band engineering of electron and hole 

blocking layers (HBL and EBL, respectively) was performed with the objective to improve 
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injection efficiency and reduce efficiency droop in the UV LEDs. Electron blocking layer 

was based on AlaGa1-aN / Alb  cGa1-b  1-cN / AldGa1-dN, where a > d > b > c.  

 

 

Figure 33. Energy band diagram of reference and proposed structure under forward bias of 4.5eV. 

 

As shown in Figure 33, the effective barrier height introduced by EBL for electrons, in 

proposed structure, is slightly reduced from 0.6 eV to 0.4 eV, which will result in 

unwanted escape of electrons from the active region. For reference structure, as shown 

in Figure 33(a), where the energy obstruction height gradually increases across the EBL; 

the proposed structure has a more abrupt energy barrier profile which enhances electron 

reflection closer to the QW and reduced non-radiative recombination in the EBL. For 

holes, in the reference structure, the EBL introduces a barrier height of 0.6 eV which can 

lead to poor injection efficiency. In proposed structure, band bending due to the induced 

volume charge by Al compositional grading, considerably reduces the energy barrier by 
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0.14 eV, thus enhancing hole injection efficiency. For HBL, grading doesn’t lead to 

significant change in the energy profile which is caused by the negligible band bending in 

the bottom barrier. In addition, electron density, in proposed structure, is slightly reduced 

in the QW. 

 

 

Figure 34.Recombination rates a) SRH, b) Auger and c) Direct, in the QW region (309.5 nm-312 nm). 

 

As shown in Figure 34, with the graded EBL design, due to improved hole injection, direct 

useful recombination is more than that of the reference structure. Since holes density is 

shifted more towards the bottom barrier of QW, SRH peaks on the bottom side of the 

QW. Auger being a three particle process, is dominated by e-e-h transitions, thus follows 

that of electron density profile.  SRH and Auger recombination are more severe in 

proposed design due to higher carrier density inside the QW. 
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A graded layer sandwiched between large bandgap AlGaN materials was seen to be 

effective in simultaneously obstructing electrons and providing polarization field 

enhanced injection of holes. The graded interlayer reduces polarization-induced band 

bending and mitigates the related drawback of obstruction to holes injection. Similarly on 

the n-side, the Alx  yGa1-x  1-yN / AlzGa1-zN (x < z < y) barrier acts as a hole blocking layer. 

The reduced carrier leakage and enhanced carrier density in the active region allow 

significant improvement in radiative recombination rate compared to a structure with the 

conventional rectangular EBL layers. 

4.2.3 Increasing wavefunction overlap of carriers in an asymmetrically graded 

quantum well with polarization-effect-band-engineering. 

 

Figure 35. Band diagram, under 4.5 V forward bias, of the reference structure with step QW, and (b) of the 

proposed structure with graded QW. 
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In this report, a graded, 𝐴𝑙𝑎→𝑏𝐺𝑎1−𝑎→1−𝑏𝑁 / 𝐴𝑙𝑐𝐺𝑎1−𝑐𝑁,𝑤ℎ𝑒𝑟𝑒 𝑏 > 𝑐 > 𝑎, QW design  

was theoretically investigated. The QW was designed to emit at 280 nm which is an 

attractive wavelength for water purification and related applications [241]. 

Figure 35, shows the band diagram of active region under forward bias. As shown Figure 

35, grading-induced band-bending shifts the hole and electron wavefunctions towards 

the center. A broadening of the conduction wavefunction is also achieved. Even though 

the offset of the valence band is not large, the wavefunction overlap increases by more 

than 15%.  

4.2.4 Enhancing carrier injection using graded superlattice electron blocking layer 

for UV-B LEDs 

 

Figure 36. The band diagram, under forward bias of 4.5V, for different structures. The barrier heights are 

measured with respect to the quasi-Fermi levels. 
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The graded superlattice (SL) is based on AlaGa1-aN (larger bandgap) / AlbGa1-bN (smaller 

bandgap) SL, where a is changed from 0.8 to 0.56 in steps of 0.06, and b = 0.5. Graded SL 

was found to be effective in decreasing electron leakage and improving hole injection into 

the active region.  

As shown in Figure 36(a), in the structure A the two-dimensional electron gas (2DEG) 

formation at BT–EBL interface is most pronounced and severe due to the polarization 

induced negative sheet charge density. For linearly graded EBL (structure B), the 2DEG 

formation is slightly mitigated due to the effect of polarization induced volume charge 

inside EBL and the reduced bandgap. These effects create a potential height of 0.53 meV 

close to the active region. For structure A, the relatively thicker EBL results in significant 

polarization induced sheet charge density causing the downward bending of the bands 

and formation of 2DEG. In comparison to bulk Al0.8Ga0.2N based EBL, which introduces a 

remote barrier height of 0.77 eV, structure D creates a barrier height of 0.74 eV in 

proximity to the well, thus reducing unwanted recombination at the EBL-BT interface 

region.  

Also, in structure D (graded SL) the energy barrier (Figure 36(b)) seen by holes is 

decreased by 0.26 eV to 0.42 eV from 0.68 eV in structure A. This is due to downward 

bending of the top barrier height in the valence band. For the linearly graded EBL design 

(structure B), volume charge induced band bending results in a 0.60 eV energy 

obstruction. Tunneling current, in the presence of small bandgap AlyGa1-yN in SL, is also 
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enhanced for holes. The highest direct radiative rate was obtained for graded SL EBL 

design consisting of five periods AlxGa1-xN / Al0.5Ga0.5N (1nm / 3nm thick). In this design, 

the Al composition (x) is graded from 0.8 to 0.56 in steps of 0.6. 

With the proposed band engineering scheme for EBL, four orders of enhancement was 

observed in direct recombination rate, compared to conventional bulk EBL consisting of 

Al0.8Ga0.2N. An increase in spatial overlap of carrier wavefunction was obtained due to 

polarization induced band bending in the active region. The efficient single QW (SQW) 

based UV-B LED was designed to emit at 280 nm. 

 Extending simulation model to NWs 

The numerical model adopted was extended to simulating carrier dynamics in the active 

region of Qdisk-in-NWs. NWs are 3D structures which form via strain relaxation. The free 

surface of the NW sidewall facilitates elastic relaxation. This results in considerably 

reduced polarization fields in the active region. Unlike planar structure where the layers 

are assumed pseudomorphic on the substrate, the strain profile in NW is more 

complicated with individual layers influencing their neighbors. Also, the strain changes 

radially across the NW which requires more comprehensive modeling. Since piezo-

polarization is directly related to strain, its careful understanding benefits the carrier’s 

dynamic in the active region. Unlike, Ga-polar planar structures, NWs are assumed to be 

N-polar based on experimental observations.  
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4.3.1 Strain minimization model 

This model is based on free-standing NWs with no influence from the underlying 

substrate. This approximation is sufficient as GaN NWs have been shown to nucleate via 

strain relaxation. An air cluster, around NWs with zero elastic constants, is used to allow 

relaxation of structure radially. To calculate the strain, continuous media method is 

adopted which taken into account layers reaction to “chemical” forces according to the 

law of elastic theory [242, 243]. 

For the simulated layers, similar crystal structure was assumed resulting in a coherent 

interface with atomic planes matching perfectly. A reference lattice with a minimal unit 

size similar to an unstrained bulk case is chosen and transformation, by a strain tensor is 

applied, excluding any rotation as: 

𝜖𝑖𝑗
0 =

(

 
 
 
 

𝑎𝑥
𝑟 − 𝑎𝑥
𝑎𝑥

0 0

0
𝑎𝑦
𝑟 − 𝑎𝑦

𝑎𝑦
0

0 0
𝑎𝑧
𝑟 − 𝑎𝑧
𝑎𝑧 )

 
 
 
 

 

 where 𝑎𝑥
𝑟 , 𝑎𝑦

𝑟 , 𝑎𝑧
𝑟  are reference lattice constants. The matching strain 𝜖𝑖𝑗

0 is applied to the 

layers with all lattices matched at the interface, corresponding to a minimum of 

“chemical” interface energy. In the case of nitride, having hexagonal crystal geometry, 

using axes as x [101̅1], y[1̅21̅0] and z[0001 or 0001̅], the reference matching tensor 
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becomes 𝜖𝑥𝑥
0 = 𝜖𝑦𝑦

0 =
(𝑎𝑟−𝑎)

𝑎
, 𝜖𝑧𝑧

0 =
(𝑐𝑟−𝑐)

𝑐
, where a and c are lattice constant along 

[101̅1] and [0001 or 0001̅]. Under linear response approximation, the elastic strain 

energy is calculated as:  

𝐸 =
1

2
∫𝐶𝑖𝑗𝑘𝑙(𝑟) 𝜖𝑖𝑗(𝑟)𝜖𝑘𝑙(𝑟)𝑑

3𝑟 

and is minimized, where 𝐶𝑖𝑗𝑘𝑙(𝑟) is the elastic stiff tensor and 𝜖𝑖𝑗(𝑟) is the total strain 

tensor. No external force is applied to the crystal [244]. 

4.3.2 Free-standing GaN NW with embedded InGaN Qdisks. 

 

Figure 37. Strain field calculated in InGaN/GaN Qdisk-in-NW (b)-(d) Bandgap, strain, and polarization induced 

fixed-charge density profile across the center of the NW in  the [000-1] direction. 
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As discussed earlier, NWs provides an attractive platform to achieve long wavelength 

emitting devices with high In content. It has been observed experimentally that a GaN 

shell surrounds the InGaN Qdisks due to the small Ga adatom surface mobility at low 

temperature. To study the strain variations introduced by the 3D geometry, the structure 

having active region consisting of 5 stacks of 3 nm In0.35Ga0.65N Qdisks and 10 nm GaN 

quantum-barriers (QB) is simulated. The NW is assumed to be 55 nm in diameter, with 

5nm of GaN surrounding the Qdisks. As shown in Figure 37(a), the maximum compressive 

strain field is inside the InGaN Qdisks. Moreover, tensile strain in QB varies both axially 

and radially due to the GaN encapsulation of Qdisks. Figure 37(b), shows the 1D strain 

profile though the center of the NW. Also, Qdisk at the center of the active region 

experiences the least strain, which is an important observation in designing active regions 

with multiple Qdisks (MQDs) as such effect can lead to broadening of the emission 

spectrum. Unlike the planar structure, in NWs individual layer can influence the buildup 

of strain. As can be seen, the GaN (QB) experiences a net-tensile strain in the presence of 

the InGaN Qdisks with a relatively larger lattice constant.  The resultant polarization 

induced fixed charges are shown in Figure 37(c). InGaN materials inherently have lower 

spontaneous-polarization fields compared to AlGaN. Due to the considerable lattice 

constant disparity between In0.35Ga0.65N and GaN, strong strain fields results in significant 

piezo-polarization charges. In Figure 37(d) bandgap of individual layers, in presence of 
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strain, is plotted. It is seen that the GaN quantum barriers have a net reduction in energy 

bandgap due to tensile strain. Such kind of variation can help localize carriers inside the 

active region thus further improving the radiative recombination rates. To reduce 

computational complexity in solving the current problem, strain profile from the center 

of the NW was imported into the 1D model, discussed earlier.  

4.3.3 Free-standing GaN NW with AlxGa1-xN/AlyGa1-yN active region 

 

Figure 38. 2D Strain (a) exx, (b) ezz profile in NW. 1D strain (c) exx and (d) ezz profile along the center of NW. 

 

Depending on the free-standing heterostructure the strain profile can be very complex in 

NWs geometry taking into account the influence of individual layers lattice spacing. Based 

on this observation the ‘minimization-model’ was extended to the UV emitting structures 
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consisting of AlGaN. In Figure 38(a) and (b) the in-plane (exx) and out-of-plane (eyy) strain 

distribution is plotted for an AlxGa1-xN (3 nm) /AlyGa1-yN (4 nm) based active region on top 

of GaN buffer layer. Compared to planar configuration, it is interesting to notice that the 

strain maximizes at the GaN/AlGaN interface with GaN being under compressive strain 

and AlGaN under tensile strain respectively.  In contrast, planar layers are fully strained 

with respect to the underlying substrate, assuming no relaxation.  

In addition, the active region is shown to have reduced strain values both in-plane (exx) 

and out-of-plane (eyy) compared to the planar counterparts. Similar to what was observed 

in the InGaN-/GaN- based active region due to the comparable volume of the QB and QW, 

the QB having smaller lattice constant is under tensile strain while the QW having larger 

lattice constant, experiences compressive strain as shown in Figure 38(c)-(d).  

 

 

Figure 39. (a) Bandgap and (b) polarization-induced fixed charges. 
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Strain can have a significant impact on the bandgap of the material. As shown in Figure 

39(a), assuming pseudomorphic scenario, all the consequent layers are tensile strained 

showing reduction in bandgap compared to strain-free scenario. However, based on the 

strain derived from ‘strain-minimization’ mode, the QWs are compressively strained 

while the QBs have significantly reduced tensile-strain which is very different from 

‘pseudomorphic’ case. This results in an increase in QW and slight reduction in QB 

bandgap. In addition, the corresponding polarization-induced fixed charges are shown in 

Figure 39(b). Since the lattice mismatch is between AlN and GaN significantly lower 

compared to GaN and InGaN, UV devices are expected to show lower polarization charges 

as shown in Figure 37(c) and Figure 39(d). Though polarization fields are reduced, 

spontaneous polarization fields still exists and need to be taken into account when solving 

the current problem. 
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 Nanowire-based visible light emitting diodes 

Planar devices with extended visible wavelength have suffered from, low IQE values 

resulting in the ‘green-yellow’ gap. Though phase separation, strain induced defects, 

threading dislocaitons and high polarization fields [245-247] have being identified as the 

main culprits causing poor performance in planar structures, such effects were observed 

to have been mitigated in NWs [103]. Furthermore, reduced polarization fields and 

defect-free crystal structure makes NWs an ideal candidate in realizing solid-state devices 

targeting the green-yellow wavelength. As a result, based on the growth and device 

structure optimization in this investigation, the technologically challenging orange and 

yellow NWs LED was demonstrated on scalable, foundry compatible, and low-cost Ti 

coated Si substrates. The device exhibited ‘droop-free’ characteristics, a term describing 

a favorable condition whereby non-reduction in efficiency was achieved with increasing 

current injection. The other desirable device characteristics involve low turn-on voltage 

and improved heat dissipation characteristic, based on the optimized growth, fabrication 

and active region design.   

To fill the current technology challenge ‘efficiency-droop’ and research related ‘green-

yellow’ gap for solid-state lighting, we utilize nanowires (NWs) based device, which has 

reduced defect density, improved light-extraction with a larger surface to volume ratio, 

and increased internal quantum efficiency due to a reduced lattice-strain [171]. This 

chapter focuses on utilizing an orange and yellow emitting LED based on a new platform 
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of InGaN/GaN NWs grown on titanium-coated silicon substrate showing droop-free’ 

behavior. 

 Orange light emitting diode 

The orange NWs LED was grown using GEN 930 plasma-assisted molecular beam epitaxy 

(PA-MBE) system. Native oxide was removed from Si using HF-H2O solution followed by 

deposition of 100 nm of titanium (Ti). The silicon (Si) doped gallium nitride (GaN) was first 

nucleated at a lower substrate temperature of 500 oC followed by growth at a higher 

temperature of 600 oC for crystal quality improvement. Nitrogen (N2) flow was 

maintained at 1 sccm with RF power set to 350 W. Active region was grown using seven 

stacks of GaN quantum barrier (8 nm) and InGaN quantum disk (4 nm). The quantum disks 

were grown at a lower temperature of 515 oC followed by capping of 2 nm of GaN, to 

avoid dissociation when ramping up for quantum barrier growth.  Indium (In) beam 

equivalent pressure (BEP) was set at 5×10-8 Torr while for gallium it was varied between 

3×10-8 – 6×10-8 Torr. A 60 nm thick magnesium-doped GaN was then grown. Titanium 

nitride (TixN) has been seen to form at NWs base at the nucleation site, as confirmed by 

TEM and XRD, which considerably improves current injection. TixN in conjunction with 

underlying Ti layer reflects longer wavelength photons which also considerably increases 

light extraction efficiency of the device [171]. The orange NWs LED was fabricated as 

discussed in the experimental section (section 3.7). 
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Figure. 40 (a) TEM image of a single tapered NW showing 7 stacks of InGaN quantum disks (white horizontal 

lines) sandwiched in between GaN barrier. SEM image showing the top view (b), and elevation view (c), showing 

laterally discontinuous and vertically oriented NWs. The fill factor of 90% and NWs density of 6.8×109 cm-2 was 

estimated. 

 

The transmission electron microscopy (TEM) image of the NWs sample in Figure. 40(a) 

clearly show the well-defined InGaN quantum disks (white horizontal lines) embedded in 

NWs, separated by GaN quantum barriers. The tapered NWs nucleate with a small base 

and the lateral size gradually increases as growth progresses. This is attributed to the 

decrease in temperature with NWs height thus favoring lateral growth. A top view SEM 

image of the InGaN NWs (see Figure. 40(b)) shows the NWs mean height of 800 nm and 

lateral size of 175 nm, respectively. Figure. 40(c) shows that the NWs were mostly 

vertically aligned and disjointed with an areal density of 6.8 × 109 cm-2.  

 

a)

Density ≈ 6.8x109 cm-2

Fill ≈ 90 %

b) c)
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Figure 41 (a) PL intensity versus wavelength at room temperature fitted with 2 Gaussian peaks. The evolution 

of the peak wavelength (λpeak) with temperature (T) are shown in the top and bottom insets, respectively. b) The 

pictures of the zoom-out view (top) and zoom-in view (bottom) of the NWs LED at injection current of 75 mA. 

c) EL spectra of the orange NWs LED with varying bias current from 5 to 120 mA, showing a blue shift of 10 nm. 

Inset shows an ultrabroad linewidth of above 120 nm at high injection current, as obtained by integrating the 

spectrum. 

 

The optical properties of the NWs were investigated using temperature-dependent 

photoluminescence (PL) as shown in Figure 41(a).  A broad PL linewidth of 184 nm was 

obtained at room temperature, which is attributed to the presence of compositional 

inhomogeneity among the NWs, across, and within individual quantum disks [248, 249]. 

Insets shows a weak S-shape evolution of the peak wavelengths versus temperature for 

the two de-convoluted peaks, which are in the orange-red and far-red color regime, 

respectively. Minimum number of peak were used, for simplicity, to fit the data so that a 

rough idea can be obtained about the different emission mechanism at play. The weakend 

S-shaped behavior may be due to the reduced number of localized centers in a small 
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volume of a Qdisk. The ultra-broad linewidth is favorable for our application herewith for 

generating white light with high CRI value as evident in the room temperature 

electroluminescence measurement of an orange LED in Figure 41 (c). With further band-

filling effect in the electronic transitions of the clusters of NWs, the emission peak 

wavelength and linewidth were found to be 614 nm (orange color) and above 120 nm, 

respectively. In particular, the peak exhibit weak shift with an increase in the current 

injection. A blue shift is observed in QW based InGaN planar devices due to the presence 

of large polarization fields [249, 250]. Though, NWs are expected to have reduced 

polarization fields due to the small crystal volume and inherent lower strain in the 

nanowires, which nucleate via strain relaxation [124]. Thus the meager blueshift may be 

due to the band filling effects and emission from an ensembles of NWs with lower In 

content having better crystal quality. 

The L-I-V characteristics of the orange NWs LED was characterized at different biases. A 

turn-on voltage of 4.2 V was obtained which is relatively larger than its planar 

counterpart. This can be due to the higher contact resistance at the top p-GaN layer and 

insertion of AlGaN carrier blocking layers. An important feature to be noted is that no 

saturation in power is observed up to 70 mA of current injection.  

 Yellow light emitting diode 

Optical devices emitting in the yellow regime holds important application such as solid 

state lighting (SSL) [251], VLC [252], flow cytometry [253] and optogenetics [254]. Current 
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optical devices suffer from low internal quantum efficiency (IQE) in this wavelength 

regime known as the ‘green-yellow gap’ which has been a subject of intense scientific 

interest [255]. For nitride-based planar devices, the strong polarization fields of several 

MV.cm-1 results in reduced electron-hole wavefunction overlap [138]. Severe alloy 

clustering and strain-induced defects also result in poor crystalline quality. Though planar 

devices emitting in the ‘green-yellow gap’ have been demonstrated, they suffer from low 

IQE as well as pronounced ‘efficiency-droop’ which is a decrease in EQE with an increase 

in injection current [256] as attributed to polarization enhanced carrier overflow or 

leakage [257], hot electron escape [258], heating [259], Auger recombination [256, 260], 

and poor hole injection [261, 262].  The use of AlGaInP-based QW suffers similar efficiency 

droop in the ‘green-yellow gap’ due to lattice mismatch, DX-center related defects and 

poor crystal quality [263].  

The InGaN/GaN NWs, on the other hand, nucleate via strain relaxation, are dislocation-

free in the active region, thus achieving better crystallinity, and considerably lower 

piezoelectric polarization fields in the active region compared to their planar 

counterparts, resulting in better internal quantum efficiency and comparatively shorter 

radiative recombination lifetimes [124, 264, 265]. High-quality NWs based optical devices 

in the visible regime have been grown on Si substrate albeit with shortcomings such as 

back Si absorption, poor thermal dissipation [184] and larger turn-on voltage [266]. 

Among the main causes are the formation of an insulating amorphous SixN layer at the 
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nucleation site [267] and 2D phonon confinement. The small diameter of the NWs 

facilitate lateral confinement of acoustic phonons that is restricted to one-dimension 

transport thus resulting in severe junction heating and even damage to NWs device [268-

271]. The thermal-droop commonly observed in such devices hinder their high current 

operation, thus saturating the radiative recombination, elevating SRH non-radiative 

recombination, electron leakage, and Auger recombination [272].  

Recent efforts by Bhattacharya et al. reported NWs based lasers structures grown on Si 

emitting at 520 nm [125], 610 nm [273], and 1.2 μm [274] however, the focus on yellow 

emitting devices are largely not gaining sufficient focus, despite their technological 

importance in a plethora of applications stated above, in particular for generating white 

light. 

For producing white light, most conventional techniques utilize blue LED to excite  yellow-

emitting YAG:Ce3+ phosphor to achieve broad linewidth white light spectrum [275]. 

Though ‘efficiency-droop’, has been a bottle neck in such LED-based technology, SSL 

based on group-III-nitride LDs have been demonstrated to be ‘droop-free’ and relatively 

more energy-efficient for eventual implementation of SSL and VLC dual- function white 

lamp. The YAG:Ce3+ phosphor when used in conjunction with laser-based SSL, however, 

is associated with rapid degradation issue [276]. 

In addition, shortcomings, such as limited intensity controllability [277], low efficiency 

due to down conversion, poor white light characteristics [278] and longer carrier 
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relaxation lifetime [279] have hindered progress. This is a pressing issue for unleashing 

the potential of LD-based white light for SSL-VLC dual-functionalities. An alternate 

platform using InGaN/GaN NWs LED as active yellow-phosphor (discussed in chapter 7.2 

and 7.3) which is  capable of sustaining high injection current, while still maintaining 

junction temperature, and yet intensity-, and bandwidth-tunable for improved color-

quality constitute an critical research gap in the light of LD-based SSL-VLC. 

The yellow NWs p-i-n LED structure was grown catalyst-free using Veeco Gen 930 plasma 

assisted molecular beam epitaxy system (PAMBE). The native oxide was removed from Si 

(100) using HF-H2O solution followed by deposition of 100 nm of Ti using electron-beam 

evaporator. To improve the uniformity and homogeneity of tightly packed NWs, the Ti 

layer was evaporated using low deposition rate of 0.5 Å/s on a pre-cleaned atomically 

smooth Si substrate. 

The GaN seed layer was first nucleated using a 2-temperature-step growth method. In the 

first step, NWs were nucleated at a much lower temperature of 500 °C, to increase 

nucleation probability, followed by growth at a higher temperature of 600 °C for 

improved crystal quality. Conducting TixN has been seen to form at NW base at the 

nucleation site which considerably improves current injection and heat dissipation [184]. 

An active region with 5 ~3 nm InGaN Qdisks separated by ~10 nm quantum barriers (QB) 

was then grown on GaN nucleation sites. QWs were realized at a lower temperature of 

515 °C followed by capping of 2 nm of GaN, to avoid the dissociation or InGaN Qdisks  

file:///C:/Users/janjuab/Desktop/PhD%20Thesis/Wireless%23_ENREF_279
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Figure 42. (a) Device structure. (b) Visualization of the fabricated yellow NWs LED. (c) The SEM image of the 

device structure based on 2-temperature-step growth method with TEM of Qdisks embedded in NW, as inset. 

Fill factor and NWs density of 88 % and 9×109 cm-2, respectively were estimated. (d) XRD locked couple scan 

showing the presence of TiN at the NWs nucleation sites. 

 

when ramping up the temperature to 565 °C for quantum barrier growth.  Indium flux 

was fixed at 5×10-8 Torr while Ga flux was varied between 3-6×10-8 Torr. Metal fluxes were 

measured using the beam flux monitor. The device was completed with a magnesium 

(Mg) doped 30 nm GaN layer. Nitrogen flow was maintained at 1 sccm with RF power 

fixed at 350 W.  
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The yellow NWs LED was fabricated using standard UV contact lithography process as 

described in the experimental section. Figure 42(b) shows the cross-section 3D 

visualization of the grown and fabricated yellow NWs LED. 

A top view SEM image of the InGaN NWs device sample is shown in Figure 42(c). An 

average lateral size and length of NWs was measured to be ~55 nm and ~200 nm 

respectively. It is clear that the NWs were mostly vertically aligned along c-axis, disjointed 

with a fill factor of 88 % and an areal density of ~9×109 cm-2 with relatively uniform growth 

over a large area. TEM image confirms the formation of InGaN Qdisk like structures 

embedded in GaN matrix as shown in Figure 42(c) inset. Figure 42 (d) shows the 2θ scan 

of Si doped GaN NWs grown on 100 nm Ti coated Si substrates. The titanium layer 

deposited on crystalline substrate showed a preferential (0002) crystalline orientation 

because of it having the lowest surface energy.[280] According to the Bragg’s law, TixN 

(111), and GaN(0002) planes are parallel to each other, which confirmed the epitaxial 

growth of GaN on the TixN nucleation layer. 

Figure 42 (a) shows the structure of the NWs yellow LED with InGaN Qdisks, being 

nucleated on a 100 nm Ti thin film coated on Si (100) substrate. Such high indium 

incorporation to achieve yellow emission while maintaining improved crystalline quality 

has only be realized in nano-structures which are seen to be dislocation free [281]. TixN 

formation is favored over insulating Si3N4 layer which is commonly observed when 

growing similar GaN NWs directly grown on Si. TixN in conjunction with Ti under layer  
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Figure 43. (a) Arrhenius plots of the integrated PL intensity at different temperatures for yellow NWs LED. The 

activation energies of ~6 meV and ~105 meV were fitted using equation in the inset. (b) The PL emission at 300 

K can be deconvoluted into three peaks. The insets show the respective change in PL FWHM and peak shift with 

temperature. 

 

reflects a portion of back-emitted light [282]. Also being a conductor, it plays a critical role 

in improving heat dissipation and lateral uniform current injection.  

Due to the variation in growth temperature as growth proceeds, the NWs are seen to 

exhibit inverse tapered shape being thinnest at the bottom (~30 nm) and reaching an 

average diameter of ~55 nm at the top. Growth conditions were optimized to avoid 
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coalescence of the NWs. Parylene which is used as a filling material also acts as surface 

passivation layer, thus mitigates nonradiative defects [283]. 

To quantify carrier delocalization and defect-related quenching mechanism, the 

activation energies are calculated by fitting the data of the integrated spectrum to the 

equation shown in  Figure 43(a) inset. From the Arrhenius plot, the activation energies EA1 

and EA2 of ~6 meV and ~105 meV were obtained, which are much larger than conventional 

planar InGaN well structures [284]. The larger EA2 correlates to larger delocalization 

energy, which allows more efficient electron-hole transitions and reduced thermionic 

emission of photo-carriers. Besides higher activation energies, lateral carrier diffusion 

was inhibited thus reducing their probability of reaching the NWs sidewalls and 

recombining non-radiatively. With the deep localization, an improved IQE is expected as 

was obtained in this work. Such localization can occur in NWs via strain-induced self-

organization without defect formation thus leading to superior emission.  Phase 

separation without defect formation also cannot be neglected. The IQE of the NWs was 

estimated to be 39 % by measuring the ratio of integrated intensity at room temperature 

and at 10 K, assuming that at low temperature all the non-radiative recombination 

centers are frozen and carrier recombine with 100 % efficiency.  

To understand strength of the active medium emission, it is relevant to gain insight into 

the useful radiative recombination dynamics of the grown structures. A broad linewidth 

of ~140 nm for integrated PL at 300 K, as shown in   Figure 43(b), was obtained which can 
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be due to band filling effect in the presence of inhomogeneous composition,  and alloy 

disorder commonly reported in the NWs [285, 286]. The strong PL intensity is an 

indication of the quantum confinement in 3D Qdisk structures with improved InGaN 

crystalline quality.  

It is shown that the spectrum consists of three Gaussian peaks correlating to ensemble of 

emissions sites originating due to the inhomogeneity from single NWs and across 

different NWs. The three peaks emitting at ~576, ~622 and 678 nm at room temperature 

show a weak blue shift with decreasing temperature, attributed to bandgap expansion 

(see Table 3). Minimum number of peaks were used to fit the data to simplify the 

discussion of different emission centers contributing to the broadening of the PL signal.  

 

Table 3. Error bar for the 3-peak fitting of PL at 300 K. 

 Peak Position (nm) / (FWHM) Standard Error (nm) 

Peak 1 576 (69.8) 0.8 (3) 

Peak 2 621.7 (102.6) 4.9 (15.5) 

Peak 3 678.7 (147.3) 33.6 (24.52) 

 

As discussed later the peaks at ~576 and ~622 nm correlate well with the 

electroluminescence emission at low and high injection. Though fitting may not be the 
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best way to describe or pinpoint a certain physical phenomena, it provides a guide to 

understanding the large peak shift observed in the EL measurement. The peak at 696 nm 

can just be an artifact of the broadening introduced by the inhomogeneity in NWs or due 

to band-tail effects.  The position of the peak emission does not show an apparent S- 

 

 

Figure 44. TEM of Qdisks and EELS (pink and blue colors correspond to In and Ga atoms, respectively). 

 

curve, as shown in  Figure 43(b) inset, which is commonly attributed to inhomogeneity 

and indium clustering within the active region of planar structures [284]. Such behavior is 

expected due to the small volume of each Qdisk and the resulting reduced localization 

centers. TEM and corresponding EELS image indicates slight alloy clustering effect as 

shown in Figure 44 but further detailed analysis is required.  
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Figure 45. (a) Top view of the 0.5×0.5 mm2 NWs yellow LED under DC bias of 10 A/cm2. (b) Current-voltage 

characteristics along with absolute optical power measured. The EL spectra show an emission peak at 588 nm 

at a bias of 29.5 A/cm2. (c) EL spectrum of NW device with changing current bias from 0-29.5 A/cm2 along with 

peak shift and FWHM variation as an inset. (d) External quantum efficiency as a function of current density. (e) 

Correlated color temperature (CCT) and color rendering index (CRI) with changing current density. 

 

We observed a truncated-pyramid shape for the InGaN Qdisks. This is due to elastic 

relaxation and lattice pulling effect as discussed in section 1.6. 

A homogenous light emission from a 0.5×0.5 mm2 device was shown in Figure 45(a) 

confirming uniform growth and suitable fabrication process. The NWs yellow LED was 

characterized by different DC-biases as shown in Figure 45(b). A low turn-on voltage of 
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~2.5 V was measured. This is due to lower contact resistance in the presence of TixN 

interlayer during plasma exposure, and improved fabrication process due to uniform 

height distribution of NWs. Our prior work on Ti/TixN/Mo platform has shown significant 

improvement in current voltage characteristics compared to devices grown directly on Si 

thus demonstrating the feasibility of TixN/Ti/Si platform [280]. An important feature to be 

noted is that no saturation in power, reaching 23 μW, is observed up to 29.5 A/cm2 of 

current injection. 

Figure 45(c) depicts the measured room temperature EL of the yellow NWs LED. The EL 

peak at 610 nm at ~5 A/cm2 is close to PL peak 2 (~621.7 nm) at room temperature 

demonstrating consistency between the two different emission mechanisms and further 

confirming emission from the active region. Further LED characterization revealed the 

emission peak dependence on injected current displays a blue shift of 22 nm when the 

injection current was increased to 29.5 A/cm2, as shown in the inset of Figure 45(c). This 

suggests preferential injection of NWs ensembles emitting at shorter wavelengths, having 

improved crystal quality, with an increase in current bias. In individual NWs, band filling 

and possible alloy broadening, seen in PL spectra with high optical power excitation, can 

also cause a blue shift [285]. A similar blue shift behavior also occurs in InGaN QW based 

planar devices in the presence of large polarization fields. However, as NWs presented 

here to be a low polarization structure, which forms by strain relaxation at the nucleation 

site [124, 264], peak shift can be attributed to (a) band filling effect, (b) mainly because 
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of preferable injection of an ensemble of NWs emitting at a shorter wavelength having 

improved crystal quality, (c) increased emission from bottom Qdisks (close to n-side) 

having lower In content, and (d) weak QCSE effect in presence of mainly spontaneous 

polarization fields.  

With an increase in bias, the emission peak linewidth was found to saturate at ~74 nm 

coinciding with the FWHM of the yellow PL peak seen in the inset of Figure 43(b). At lower 

bias, the competition of collective emission between ensembles of NWs results in large 

FWHM. With increase in bias, the ensemble emitting in the shorter wavelengths become 

dominant, having better crystal quality thus causing the FWHM to settle at a constant 

value of ~74 nm.  

The absence of a pronounced peak at 400 nm which is an indication of recombination via 

trap states in p-GaN Mg acceptor caused by electron overflow or leakage, is absent in our 

device [287]. 

A stable light output power at high injections levels is necessary for general illumination. 

The conventional nitride-based planar devices suffer from ‘efficiency-droop’ phenomena 

as discussed earlier. However this is absent in NWs based LED. As shown in Figure 45(d), 

which depicts the calculated EQE plotted against current density; droop free behavior was 

observed up to 29.5 A/cm2 injection current with EQE reaching 0.014 %. The considerably 

lower EQE in contrast to the ~40 % IQE can be caused by reduced photon collection 

efficiency as the device under test is placed outside and remote to the integrating sphere, 
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poor injection efficiency due to smaller contact area with p-GaN, unpassivated NWs 

leading to potential surface states recombination, and lower extraction efficiency in the 

presence of top metal pads shadow (covering 40 % of device area); all of which can be 

resolved with further engineering design. The EQE measures the ratio of the number of 

emitted photons over the number of injected electrons. The optical power and injection 

current can be derived from the L-I measurement as shown in Figure 45(b) and the 

emission wavelength can be determined from the spectrum in Figure 45(c). A reduced 

piezoelectric polarization fields, efficient doping, and better heat dissipation are some of 

the reasons which improve the device performance with an increase in current bias. 

 Though, optical based method to calculate IQE cannot take into account carrier leakage 

or spillover, to claim droop-free behavior for higher current densities require further 

study.  A similar trend in EQE, as shown in Figure 45(d) can be observed if the SRH 

recombination coefficient is large but such scenario is unlikely as NWs are expected to 

have good crystalline quality.  

The CCT of the device was measured to be in warm white regime, and going beyond 2200 

K with increasing bias, without considerable change in CRI after 10 A/cm2 injection current 

as shown in Figure 45(e). A similar trend in FWHM is also observed, showing positive 

correlation with the trend in CRI values. 

To enable LED operation at high injection levels, thermal management becomes very 

crucial. We evaluated the temperature effect in GaN NWs by comparing the Raman shift 
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of the E2 peak with different levels of injected current. Link et al., related the phonon 

frequency to the material temperature, taking into account anharmonicity of the crystal 

lattice potential and the thermal mismatch [184, 288]. 

 

 

Figure 46. (a) Raman spectra measured with the device operated at varying biases. (b) E2 peak shift observed 

with different injection levels for the 0.5×0.5 mm2 device. 

 

For calibration, E2 phonon peak position was used to derive the calibration curve for 

temperature ranging from 20 °C to 200°C  in step of 20 °C [289]. The yellow NWs LED was 

biased and temperature-dependent Raman was performed as shown in Figure 46(a). 

Figure 46(b) shows the bias dependent Raman study; the variation in the peak shift plot 

is within the resolution (0.7 cm-1) of the Raman system limited by the 600 grooves/mm. 

We were able to operate the device up to 100 mA with insignificant junction temperature 

change, with in the error limit, showing the sufficient phonon dissipation in the presence 
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of Ti thin film and formation of conducting TiN interfacial layer hence highlighting the 

strength of the process engineering. 

 Conclusion 

We experimentally demonstrated ultrabroad linewidth orange NWs LED. The PAMBE 

grown NWs were observed to be vertically aligned with density, diameter, and length of 

6.8×109 cm-2, 175 nm and 800 nm, respectively. The emitted spectrum under 120 mA bias 

current had a peak wavelength of 614 nm with invariant shift as the bias current 

increases. 

Also, true yellow NWs LED was demonstrated to target the ‘green-yellow’ gap. The 

vertically aligned NWs were grown using the 2-temperature-step method on 100 nm Ti 

coated Si substrate with density, diameter and length of ~9×10-9 cm-2, 55 nm, and 200 

nm. An IQE of 39 %, correlating to strong radiative recombination, is obtained due to 

better crystal quality of material, reduced polarization fields and tightly quantum 

confined carriers in Qdisks in NWs configuration. The fabricated device showed a peak 

output power of 23 μW at 29.5 A/cm2 with EQE of 0.014 %. 
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 Nanowire-based ultraviolet light emitting diodes. 

AlGaN-based UV to deep-UV (DUV) (3.5 – 6.1 eV) LED technology is attractive for 

applications in environmental cleaning, medicine, and lighting [290, 291]. It further offers 

compact foot-print, potentially-high efficiency, environmentally-friendly (mercury-free) 

features as compared to conventional UV-lamps [292]. Although progress has been 

remarkable for planar LEDs based on this material, such diodes based solution still exhibit 

low EQE and far from satisfactory high power operation [11-15, 293-296]. A bottleneck in 

substrate technology in the absence of cheap substrate for AlGaN materials resulted in a 

high dislocation density exceeding 109 cm-2 and less than 40 % internal quantum efficiency 

(IQE) in UV/DUV LEDs [297]. The high polarization field of several MV·cm-1 further reduces 

electron-hole wavefunction overlap in the active regions, and aggravates the decrease in 

radiative recombination.  

The NWs work was also extended to light emitting devices in the UV range using AlGaN 

materials, which is a direct bandgap material tunable from ~200 to 364 nm. Since, 

conventional planar AlGaN QW-based UV-devices still require low-cost, defect-free and 

lattice matched substrates, growing defect-free AlGaN NWs on Si substrates has provided 

an alternative path in realizing cost-effective and efficient UV devices. The AlGaN-based 

nanowires (NWs), nucleate via lateral strain relaxation and result in dislocation-free 3D 

structures with considerably lower piezoelectric polarization fields in the active region 

[298]. In addition, Mehrdad et al. recently reported, based on simulation work, up to 70 
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% light extraction efficiency for NW-based devices due to light scattering and reduced 

reabsorption [61]. Also, Z. Mi et al. recently reported IQE value up to 58 % due to the 

formation of AlGaN core-shell structure which acts as a self-passivation layer and provides 

superior carrier confinement [299].  

Nearly dislocation-free nitride NWs have been shown to grow on a variety of substrates, 

e.g. Si, metal, sapphire substrates, etc. [186, 188, 300-302]. Most of the GaN-based NWs 

have been developed by using Si substrate as a cheap alternative. But efficiency-droop-

behavior in the presence of Si3N4 at the NWs/silicon interface has been a bottleneck in 

achieving high power NWs devices. In this work, we used Ti (100 nm) interlayer and Qdisks 

to achieve better quality AlGaN based UV-A devices.  Though NWs have shown to have 

dislocation-free, single-crystal properties, the fabrication of the devices requires a 

polymer–based planarization process. Such approach will significantly reduce the light 

extraction efficiency due to the extreme absorption of the filling materials in the UV 

wavelengths. To address this issue, we utilized a pendeo-epitaxy technique for the top p-

GaN layer to realize a self-planarized Qdisks-in-NWs UV-B LED grown on silicon. The top 

p-GaN was coalesced to avoid shorting of the structure when depositing top metal 

contacts. Thus a simplified UV-semiconductor fabrication technology was demonstrated. 

Qdisks-in-NWs layer structures were adopted which were shown to improve the spectral 

purity of the UV devices resulting in a narrow linewidth EL spectrum. 
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 Ultraviolet-A NW light emitting diode on Ti/Si substrate 

Until recently, NWs grown on metal have shown promising results for achieving high 

power visible light emitting devices [184]. Sarwar et al. were the first to show a NW UV 

LED emitting at 385 nm, using GaN active region, grown on Mo film on Si wafers [303]. 

Moving forward, Myers group recently demonstrated an AlGaN based UV device emitting 

at 350 nm grown on a flexible Ta film with a turn-on voltage of 5 V [300]. Utilizing Ti, which 

ensures formation of TixN during plasma exposure in the absence of insulating SixN allows 

better heat dissipation and excellent current injection. Furthermore, Ti having a 

reflectivity of more than 35 % in the UV-A regime, retains adequate light extraction 

efficiency thus provides a viable option for efficient UV devices [304]. Alternatively, Al 

being the ideal template substrate for UV back reflection, is not compatible with growth 

temperature for high-quality AlGaN-based structures, thus requires more complicated, 

costly and time-consuming liftoff and transfer processes. 

The UV NW p-i-n LED structure was grown catalyst-free using Veeco Gen 930 plasma 

assisted molecular beam epitaxy system (PAMBE) under nitrogen-rich conditions. HF-H2O 

solution was used to remove native oxide from the n-type Si (100). Immediate loading of 

substrate into the vacuum chamber prevented the formation of oxide layer. To remove 

any water components, the sample was outgassed in the load lock at 200 °C using the IR 

filament. Outgassing at 600 °C was subsequently done in the buffer chamber to remove 

any organic based contaminants. The substrate was then ramped up to a growth 
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temperature. Up till the initiation of the growth, the wafer was kept away from the 

sources. 

A 2-step growth method was adopted to nucleate high density vertically aligned NWs. 

NWs were first nucleated at a low temperature of 485 °C, to increase the nucleation 

probability, followed by growth at a higher temperature of 585 °C to improve crystal 

quality. Approximately ~98 nm of Si-doped GaN layer was grown. During the initial 

process, the formation of TixN layer at the NW base is expected [184]. To improve the 

crystal quality, the growth temperature of AlGaN layer was raised to 630 °C. The nominal 

Al composition was estimated by taking the ratio of Al with the total metal BEP as 

measured by the beam flux monitor. Si-doped  

AlyGa1-yN was then grown for ~59 nm to provide larger bandgap for quantum 

confinement.  

Active region with 10 stacks of AlxGa1-xN Qdisks separated by AlyGa1-yN QB, where x < y, 

were then grown on the n-AlGaN layer. For the active region, two pairs of Al and Ga 

sources were used with BEP set to 0.75×10-8 and 4.5×10-8 Torr for QWs and 1.5×10-8 and 

3×10-8 Torr for quantum barriers. A ~70 nm Mg doped AlyGa1-yN layer was then grown as 

the p-contact layer, keeping in mind planarization process tolerance, to avoid the 

shortage of device. The device was completed with a ~17 nm Mg-doped GaN layer as the 

p-type contact layer. For optimized NWs shape and density, nitrogen flow was maintained 
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at 1 sccm with RF power fixed at 350 W. The UV NW LEDs were fabricated using the 

standard UV contact lithography process.  

 

 

Figure 47. Structural characterization of the NWs. (a) Cross section SEM image shows vertically aligned NWs. (b) 

Top view SEM image of the device grown on Ti/Si substrate shows tightly packed NWs. (c) High angle annular 

dark field scanning transmission electron microscopy (HAADF-STEM) of AlGaN NW showing the n-type AlGaN 

layer, AlGaN/AlGaN QDisks, p-type AlGaN, and p-GaN layer. (d) Active region is showing 10 pairs of uniform 

Qdisks formation. (e)  Zoomed-in image of the Qdisks show compositional variation across the Qdisks.  

 

Figure 47(a) shows NWs 70-90 nm in diameter and 300-350 nm in length. Slight height 

non-uniformity can come from the roughness introduced by the possible Ti and Ti/Si 

interface. Figure 47(b) shows top-view SEM of the NWs, being nucleated on Ti coated Si 

(100) substrate. TiN formation is thermodynamically favored when growing on a similar 
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metal template substrate. The titanium layer deposited on crystalline substrate showed 

a preferred (0002) crystalline orientation because of it having the lowest surface energy 

[280]. According to Bragg’s law, TiN (111), and GaN (0002) planes are parallel to each 

other, which is confirmed by the epitaxial growth of GaN on the TixN nucleation layer 

[305]. No obvious coalescence is observed. The density was estimated to be ~9 x109 cm-

2. The AlGaN NWs are expected to be N-polar as reported earlier since the NWs were 

grown by MBE under nitrogen-rich conditions [184, 191]. 

HRTEM in Figure 47(c) shows vertical closely spaced, disjointed NWs nucleating on top of 

the Ti metal layer. Individual layers of the structures can be clearly distinguished in light 

of the varying contrast introduced by Al atoms. Figure 47 confirms the formation of well-

defined uniform 10 AlxGa1-xN Qdisks (~3.1 nm) sandwiched between AlyGa1-yN (~4 nm) 

layers, where x < y, in the active region. Such small wavelength emission on lattice 

mismatched cheap substrate while maintaining decent crystalline quality can only be 

realized in dislocation-free nanostructures [281]. Compositional variation is observed 

across the Qdisks which can lead to energy band fluctuations as shown in Figure 47(e). 

Such fluctuation has shown to improve radiative recombination and in turn IQE [306-308]. 

Further examination indicates the absence of misfit dislocations and stacking faults. The 

NWs are seen to exhibit inverse tapered shape being thinnest at the bottom (~35 nm) and 

reaching a diameter of ~80 nm at the top. This is due to the variation in growth 

temperature and slight lateral growth preference due to high Ga adatoms mobility. In 



146 
 

 

particular for AlGaN based NWs, small diffusion length of aluminum promotes lateral 

growth thus resulting in an encapsulation/core, as seen in the marked box in Figure 47(d) 

[299, 309]. The growth temperature was stabilized before initiating growth of the NWs 

and the active region to increase the uniformity of Qdisks. A 3D schematic of the UV NWs 

device is shown in Figure 48(a) with the structure discussed earlier.  

 

 

Figure 48. (a) 3D depiction of the UV NWs LED grown on Ti/Si template substrate. (b) RTPL spectrum, with peak 

intensity at 303 nm and 335 nm emitted from the barrier and quantum disk using 266 nm as the excitation 

source. 

 

To gain insight into the useful radiative recombination dynamics of the grown structures, 

it is important to understand the strength of the active medium emission. The strong PL 

intensity is an indication of the quantum confinement in Qdisk structures with better 

AlGaN crystalline quality. As shown in Figure 48(b), the PL spectrum consists of two peaks. 
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The two peaks located at ~303 and ~335 nm come from carrier recombination in the 

barrier layer and the Qdisks respectively. The emission from the active region has an 

FWHM of 14.6 nm which correlates to homogenous NWs and uniform Qdisks with strong 

confinement. In comparison UV devices using double heterostructure (DHS) have shown 

to have linewidth up to 30 nm thus signifying the benefit of quantum confined structures 

in the active region [310].  

 

 

Figure 49. TDPL of Al0.33Ga0.67N/Al0.14Ga0.86N multi-Qdisks structure. 

 

To get insight of how efficiently the carrier recombines in the active region, TDPL 

measurement was done, from 10 K to 300 K, on separately grown structure with active 
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region similar to that shown in Figure 47. As expected the PL peak intensity is much higher 

at 10 K compared to 300 K as shown in Figure 49. This is due to freezing of carrier at low 

temperature thus having higher probability of recombining radiatively. At high 

temperature, the free excitons and carriers are no longer localized thus have higher 

chance have getting captured by trap states. Assuming 100 % radiative efficiency at 300 

K, we estimated an IQE of ~35 % for our structure. The PL signal was fitted with two 

Gaussian peaks and the ratio of the integrated intensity of fitted curves was used to 

calculate the IQE. Increase of FWHM with increase in temperature support the above 

argument as carrier are free and more energetic sites are accessible thus resulting in the 

broadening of the signal. A small hump around 365 nm is attributed to the emission from 

the top and bottom GaN layers. Such high IQE values have only been reported in NWs 

which show superior crystal quality, self-passivation and reduced polarization fields. 

To study the carrier behavior in such quantum confined structures, 1D band modeling was 

performed using the nextnano3 software under forward bias condition. Strain was first 

calculated using the built-in strain-minimization model on a free-standing NWs. This is 

considered as the free surface of the NWs side-wall facilitates elastic strain relaxation 

[311, 312]. For example, it is noted that SiGe/Si nanostructures up to 65 % of strain 

relaxation has been reported [313]. Though diameter of the NWs also plays an important 

role in defining the total build up strain energy. The growth direction dictates the 

orientation of the polarization fields and in turn the band bending. In the simulation, the  
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Figure 50. (a) Band diagram, under forward bias of 3.5V. (b) Wavefunction profiles corresponding to electron 

and holes, in the active region. (c) Polarization-induced fixed charges. (d) Recombination rates including SRH, 

Auger and direct recombination in the active region. 

 

growth direction was taken to be N-polar. Figure 50(a) shows the calculated band diagram 

of the AlGaN-Qdisks-based UV NWs-LED under forward bias of 3.5 V. Figure 50(b) showed 

considerably large wavefunctions overlap of 42% for electrons and holes, because of the 

reduced piezo-polarization fields depicted in Figure 50(c). The band offsets ∆Ec/∆Ev were 

taken to be 70/30, and the calculated recombination rates in the active region showed 

the SRH as the dominant source of non-radiative recombination mechanism (Figure 

50(d)). With further increase in voltage bias, direct recombination rate is expected to  
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Figure 51. (a) Current-voltage characteristics along with the measured relative optical power output. Reverse 

bias characteristics as an inset. (b) Relative EQE of the device with no apparent rollover up to 120 A/cm2 with 

inset showing probed devices and its 3D depiction. (c) EL spectrum of NW device with changing current bias 

from 0-32 A/cm2 showing an emission at 337 nm at 80 mA with inset showing negligible EL intensity around 400 

nm at higher bias. (d) Peak shift and change in FWHM of EL spectrum with increase in bias current (lines are 

guide to the eye). 

 

surpass SRH recombination. In the presence of large number of wells, the average carrier 

density is considerably reduced and thus Auger recombination, being a three particle 

process, is significantly suppressed. The energy separation of 3.77 eV (329 nm) between 

the confined carrier states correlates well with the PL and EL peak positions (335 nm and 
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337 nm). The energy barriers at n/p- AlGaN/GaN interfaces prevent carriers from 

efficiently reaching the active region. Future designs optimization based on tunnel 

junction and the graded layer can be adopted to improve the injection efficiency of the 

device. 

The NWs UV LED was characterized at different DC-biases for L-I-V characteristics as 

illustrated in Figure 51(a). From the I-V characteristics, it can be seen that the turn-on 

voltage is around 5.5 V and the series resistance is 6.68 Ω, comparable to the devices 

grown on Si, emitting at similar wavelengths as stated in Table 1. A significant 

improvement in current-voltage characteristics compared to devices grown on Si, have 

been shown in our prior work thus signifying the feasibility of TixN/Ti on Si substrate [184]. 

Also, since the polarization fields in the N-polar NWs are anti-parallel to the built-in 

electric fields, this contributes to relatively lower turn-on voltage. Moreover, I-V plot 

shows better diode characteristics with minuscule reverse leakage current as depicted in 

Figure 51(a) inset compared to what’s being reported (0.05 mA at -6 V) [314]. Small 

leakage current is an indication of a good fabrication process. Further reducing the 

leakage current may require avoiding the thin AlGaN shell layer via growth optimization, 

surface passivation, homogenizing the tilt, twist, and height of NWs and improved 

planarization process. 
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Table 4. The reported UV NWs devices work with different emission wavelength and their respective onset 

voltages. 

Wavelength (nm) Onset Voltage (V) 

207-210 5.5-6 [315-317] 

240-280 5-9.5 [318-321] 

280-310 3-5 [72, 314, 322, 323] 

334-385 3.3-7.2 [303, 310, 324-326] 

 

A critical feature to be noted is that no saturation in optical power up to 120 A/cm2 of 

current injection is achieved as in Figure 51(a). This indicates a reduced non-radiative SRH 

recombination in the presence of defect-free active region at low injection. For high 

injection, previous studies on visible NWs-LEDs have shown smaller Auger recombination 

coefficients [123]. Though Auger recombination is expected to decrease with larger 

bandgap, an in-depth study is still lacking [115]. Also, better heat dissipation, excellent 

current injection, reduced carrier separation in the Qdisks and insignificant indirect Auger 

recombination lead to the droop-free behavior up to 120 A/cm2 for our device as shown 

in Figure 51(b). EQE is measured by taking the ratio of the number of emitted photons 

over the number of injected electrons. The optical power and injection current can be 

derived from the L-I measurement as shown in Figure 51(a) and the emission wavelength 

can be determined from the spectrum in Figure 51(c). Figure 51(c) depicts the strong 
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band-edge electroluminescence of the UV NWs-LED at room temperature under different 

dc biases. The EL peak of 337 nm at ~80 mA is close to PL peak of 335 nm at room 

temperature demonstrating consistency between the two different excitation 

mechanisms and further confirming emission from the active region. A narrow linewidth 

of 11.7 nm is an indication of quantum confined effect and homogeneous Qdisks 

formation. Further LED characterization reveals that the emission peak is nearly 

independent on injection current and exhibits a negligible blue shift when the injection 

current was increased from 0 to 80 mA (see Figure 51(d)). This suggests a weak quantum 

confined stark effect in the absence of strain induced piezoelectric polarization fields. In 

individual NWs, band filling and possible alloy broadening, as seen in PL spectra at high 

optical power excitation, can cause the peak to shift to a shorter wavelengths [72]. A 

similar blue shift behavior also occurs in AlGaN QW based planar devices due to high 

polarization fields [327]. However, since NWs are low polarization structures, due to 

lateral strain relaxation at the nucleation site, such effects are insignificant [124, 264]. No 

additional peak from GaN is an indication of reduced carrier leakage in the presence of 

efficient radiative recombination. Also, a weak peak ~400 nm peak, see inset in Figure 

51(c), is commonly attributed to recombination via trap states introduced by Mg dopant 

in p-GaN, thus support the above argument [287].  
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 Ultraviolet-B NW light emitting diode on Si 

Silicon substrate, have been reported for light extraction efficiency of up to 70% with the 

NW-based platform due to the light scattering and reduced absorption. [61] Also, the 

observed AlGaN core-shell structure, which acts as a self-passivation AlGaN layer, has 

been reported to provide superior carrier confinement and motivation for realizing high-

efficiency UV LEDs [299, 328]. 

Nevertheless, most AlGaN or InGaN NW have been grown on foreign substrates. [179, 

184, 309, 329] The challenge of their implementation in practical devices is directly 

related to the fabrication of such NW-based optical devices using a low-cost, scalable and 

controllable process. Because of the difficulty in controlling the height uniformity, surface 

morphology of NWs, twist/tilt in crystal orientation and filling factor of nanostructures, 

researchers must use polymers for surface planarization to make ohmic contacts. Making 

low resistance ohmic contacts is even more challenging for UV and deep UV LEDs because 

of the limited availability of UV-transparent polymers. Recently, Le et al. demonstrated 

the controlled coalescence of an AlGaN NW array on GaN-on-sapphire substrates; 

however, the process required a substrate-patterning process using a Ti mask to achieve 

high coalescence of AlGaN NWs for the p-type metal deposition [330]. A similar 

coalescence technique has been adopted for GaN-based nanocolumn UV devices to 

reduce the fabrication complexity [326]. In addition, the majority of previous AlGaN-

based NW devices have focused more on spontaneously formed AlGaN NW 
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heterostructures in the form of either DHS using polarization induced doping 

configuration [72, 320] or conventional PIN DHS. [309, 329] Few studies have discussed 

AlxGa1-xN /AlyGa1-yN MQDs, which should have superior carrier confinement and thus 

improve the optical performance of the device [300, 323, 326].  

 

 

Figure 52. (a) Elevation view of the SEM image of the device and tilt angle SEM of the NW as the inset; (b) STEM-

HAADF image of the coalesced AlGaN NWs and schematic of the NW LED structure. 

 

The UV NW p-i-n LED structure was grown catalyst-free using Veeco Gen 930 plasma-

assisted molecular-beam epitaxy system (PAMBE). Sample preparation was done as 

discussed in the experimental section. The native oxide was removed from Si (100) using 

a HF-H2O solution. The Si wafer was first outgassed in the load lock at 200 °C using an 

infrared (IR) filament to remove any water component. Then, outgassing at 650 °C was 

performed in the buffer chamber to remove organic-based contaminants. In the growth 

chamber, the wafer was ramped up to 900 °C for 30 min. Upon ramping down, the 1×1 
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surface reconstruction was observed at ~ 800 °C, which confirms the absence of any oxide 

layer. During this process, the wafer was kept facing away and was only brought in line 

with the sources immediately before the growth initiation. This maintained a uniform 

coverage of pre-oriented silicon nitride (SixN) layer on the surface of Si substrates. The 

resulting orientation and density of the nucleated seeds will affect the height uniformity 

and degree of coalescence as growth proceeds.  

The key to achieving such nearly dislocation-free coalescence NWs is the precise control 

of the initial GaN nucleation process and growth condition. NWs morphology and areal 

density can drastically change depending on the growth parameters such as: (a) NWs 

areal density decreases with substrate temperature and increases with total metal flux 

[186, 187]; (b) NWs diameter increases with density of active nitrogen species [188]; (c) 

NWs height is inversely proportion to the substrate temperature [186, 188]; (d) 

directionality of NWs depends on the nucleating or pre-orienting layers, such as AlN, and 

Si3N4; (e) a higher aspect ratio of NWs can be achieved with increasing flux ratio (V/III) 

and temperature [189], and (f) crystal polarity may be affected by flux ratio, wetting layer 

and buffer layer [190, 191]. 

First, the Si-doped GaN layer (150 nm) was nucleated on top of the silicon wafer at 690 

°C to improve the crystal quality and achieve the required NW density. The key to 

achieving such nearly dislocation-free coalescence NWs is the precise control of the initial 

GaN nucleation process and growth condition (substrate temperature and arriving Ga and 
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N atom fluxes). Then, the aluminum composition was increased to achieve compositional 

grading from GaN to Al0.5Ga0.5N (over ~20 nm) and avoid any abrupt energy barrier for 

the electrons. Subsequently, a 75 nm Si-doped AlGaN layer was grown to provide a larger 

bandgap for the quantum confinement. The temperature was increased to 740 °C to grow 

the AlGaN layer. Then, an active region with 15 stacks of ~2.5 nm Al0.3Ga0.7N quantum 

disks separated by ~7 nm Al0.5Ga0.5N quantum barriers (QB) was grown on the n-AlGaN 

layer. For the active region, the Al flux was fixed at 2x10-8 Torr, whereas the Ga flux was 

alternated between 2×10-8 and 4.5×10-8 Torr for the QB and Qdisk, respectively. A 10 nm 

magnesium (Mg)-doped EBL layer was grown. Then, Al0.6Ga0.4N was graded down to the 

GaN layer. As with the n-type AlGaN grading layer, grading (~20 nm) was performed to 

improve the hole injection and reduce absorption losses [331-333]. For N-polar material 

such grading scheme may lead to unwanted fixed polarization charges thus a tradeoff 

exist. The device was completed with a 10-nm Mg-doped GaN layer as the p-type contact 

layer. The nitrogen flow was maintained at 1 sccm with a fixed RF power of 350 W to 

optimize the NW shape and density. A top-view SEM image of the AlGaN NWs is shown 

in Figure 52(a). The diameter and length were measured to be ~70 and 400 nm, 

respectively. The UV LED was fabricated using the standard UV contact lithography 

process as discussed in the experimental section.  

Figure 52(a) includes a high-magnification and cross-sectional SEM (CSSEM) image of 

AlGaN NWs. The coalescence of the top p-GaN layer is observed. This configuration 
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improves the current spreading and injection and reduces carrier leakage without filling 

and planarizing materials, such as polyimide or parylene, which are commonly used in the 

fabrication process of NW-based devices [334, 335]. The CSSEM image clearly shows that 

the NWs were largely vertically aligned along the c-axis and had a uniform height 

distribution over a large area. A high density of ~1×1010 cm-2 of NWs with a filling factor 

above 95% was estimated. Figure 52(b) provides a schematic diagram of the detailed 

structure of the NW UV LED and an HAADF cross-sectional image of an array of AlGaN 

NWs. The brighter regions correspond to the Ga-heavy areas, which are the bottom n-

type GaN, AlGaN/AlGaN Qdisks active regions, and the top p-GaN layer. The NWs were 

vertically aligned and closely spaced but disjointed along the active region, which 

demonstrates the optimized growth conditions. No threading dislocation or stacking 

faults were observed. 

Figure 53(a) shows the HAADF-STEM image of a single NW, which includes the n-type 

AlGaN layer, an active region, a p-type AlGaN electron-blocking layer (EBL), a top AlGaN 

grading layer and a p-GaN layer. Well-defined uniform 15 Al0.3Ga0.7N Qdisks (2.5 nm) were 

sandwiched between Al0.5Ga0.5N (7.1 nm) layers. The NWs exhibit an inverse tapered 

shape, where they are thinnest at the bottom (~30 nm) and have a diameter of 60 nm at 

the top. This shape was attributed to two main reasons: the variation in growth 

temperature as growth proceeds and the slight lateral-growth preference because of the 

high Ga adatom mobility. A close examination of the NW sidewall shows the AlGaN  
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Figure 53. (a) HAADF-STEM image of single NWs. (b) Ga-map (displayed in the temperature scale) and 

concurrently acquired ADF signal from nanoscale EELS-SI (boxed in the blue dashed line in (a)), which show a 

direct correspondence between the local increase in the Ga signal and ADF signal within the signal atomic 

planes. (c) High-magnification atomic-resolution HAADF image of the selected region (boxed in the green dashed 

line) in (a). (d) Elemental mapping from the EELS spectrum in the green area marked in (c). (e) Elemental 

mapping from EELS-SI of the red area marked in (a) of group-III elements, which were extracted from Ga L2,3, Al 

L2,3, the acceptor Mg L2,3 and the concurrently acquired ADF signal from nanoscale EELS-SI. (f) High-magnification 

atomic-resolution image of the interface between the GaN NW and silicon (001) substrate. 

 

encapsulation. This AlGaN shell has been reported to form because of the small diffusion  
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length of aluminum, which promotes lateral growth [309, 310, 329]. When the NWs were 

grown, the growth temperature was stabilized before nucleation and the active region to 

ensure uniform Qdisks across the active region. No threading dislocation and stacking 

faults are observed. Figure 53(b) shows a further study on the formation of nanoclusters  

in each Qdisk. The Ga-map (displayed in temperature scale) and concurrently acquired 

ADF signal from nanoscale EELS-SI (boxed in the blue dashed line in Figure 53(b)) show a 

direct correspondence between the local increases in the Ga signal and ADF signal in the 

signal atomic planes. This correspondence indicates the formation of nanoclusters in 

Qdisks, which might cause a strong quantum confinement effect related to the 

compositional fluctuations of the active region. Planar InGaN-based LEDs have been 

reported to achieve high efficiency because of the highly localized excitons, which are 

created by indium segregation [336]. Thin-film AlGaN-based UV light-emitting devices 

have achieved large optical gains with an extremely low optical pumping threshold via the 

introduction of high-density nanocluster-like features in the AlGaN wells [337]. Strong 

stimulated emission [338] and high-efficiency LEDs were produced by containing 

nanometer-scale compositional inhomogeneities in AlGaN thin films. Recently, the 

quantum-dot-like behavior of the compositional fluctuations [307] and three-dimensional 

quantum confinement in AlGaN DHS NWs has been observed in achieving UV light 

emitters [329]. This work clearly demonstrates that high-crystal-quality AlGaN NWs with 

nanoclusters embedded in Qdisks can be widely applicable to achieve high-efficiency 
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LEDs. Figure 53(c) shows a high-magnification atomic-resolution HAADF image of the 

selected region (boxed in the green dashed line) in Figure 53(a). This image presents three 

Qdisks with a nanocluster in each disk and a typical AlGaN core-shell structure (low Al 

content in the core of the NW and high Al content near the surface of the NW (dark 

region)). This Al-rich AlGaN shell was further surrounded by a few-atomic-plane-thick Ga-

rich AlGaN outermost shell. The formation of the AlGaN shell was mainly ascribed to the 

Al adatom migration, which occurred more slowly than that of Ga adatoms and caused Al 

accumulation along the NW surface. This shell was further confirmed in Figure 53(d), 

which shows the elemental mapping of the Ga L2,3 and Al L2,3 edges from EELS-SI of the 

green area in Figure 53(c), which confirms the formation of an AlGaN core-shell structure. 

As reported by others, the formation of such Al-rich AlGaN in the near-surface region can 

improve the carrier confinement, reduce the surface states because of the self-passivated 

layer, and significantly suppress the non-radiative surface recombination, which results 

in a high internal quantum efficiency of 70~80 % for the NWs LED and lasers [309]. Figure 

53(e) shows an elemental mapping from the EELS spectrum imaging (EELS-SI) of the red 

area in Figure 53(a). The elements extracted from Ga L2,3, Al L2,3, the acceptor Mg L2,3 and 

concurrently acquired ADF signal from nanoscale EELS-SI show the Ga and Al elemental 

distributions in different layers (red for Ga atom, green for Al atom, and purple for Mg 

atom). The EELS mapping confirms the gradual decrease in Al content and continuous 

increase in Ga content in the compositional graded p-AlGaN layer. The temperature of 

the Al source was linearly reduced to achieve a logarithmic decrease in aluminum flux; 
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thus, an AlGaN grading layer was obtained. This graded p-AlGaN served as a transition 

layer to avoid creating a high abrupt potential for the holes to inject into the Qdisks while 

maintaining a small p-GaN thickness to mitigate reabsorption losses. Figure 53(f) shows a 

high-magnification atomic-resolution image of the interface between the GaN NW and 

silicon (100) substrate. There is an extremely thin (1-2 nm) SixN monolayer at the GaN NW 

and silicon interface during the initial nucleation stage. The Si3N4 formation is 

thermodynamically favored, which is commonly observed when similar GaN NWs are 

directly grown on Si. The thickness of SixN was minimized by bringing the substrate into a 

position facing the sources immediately before the growth. 

 

 

Figure 54. (a) HAADF-HRSTEM images of the three top Qdisks, which are identical to the area enclosed in the 

green dashed box in Figure 53(a). (b) Strain map obtained using a geometrical phase analysis for the selected 

area. (c) Strain profile of the three Qdisks. (d) Simulated biaxial and uniaxial strain of a free-standing NW. 
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To understand the distribution of strain for Qdisks in AlGaN NWs, a GPA was applied to 

the HR-STEM image of Figure 54(a) in the region inside the red lines in Figure 53(a).  

The GPA analysis based on the above formulation is shown in Figure 54(b). Because the 

strain is considerably relieved in the thick n-AlGaN layer, the strain was referenced to the 

AlGaN barrier, which was assumed to be strain-free. Strain-free AlN NWs have been 

shown to grow on GaN/Si [298]. The results in Figure 54(b) show that a slight buildup of 

strain is observed in the Qdisks along the growth direction, which is as expected. 

Furthermore, the strain in the growth direction was quantified by generating a line profile 

across the dotted areas in the strain map. The increase in strain in the upper Qdisks may 

be because of the increase of the total strained Qdisk volume in the growth direction. In 

addition, the increase in width of the NWs may increase the strain in the Qdisk as the 

growth proceeds. Nevertheless, the strain in our AlGaN NWs is considerably smaller than 

the planar structures with similar Al composition, which paves a new way for achieving 

highly efficient UV emitters.  

The strain in the free-standing NW was calculated as shown in Figure 54(d). The Qdisks 

have biaxial tensile strain in the presence of the bottom n-GaN layer. The out-of-plane 

strain of ~1.9×10-4 corresponds well with the measured 2×10-4 strain, as shown in Figure 

54(c). Because the model adopted for calculation minimizes strain energy at the interface 

of n-GaN/AlGaN, n-GaN is compressively strained, whereas n-AlGaN is tensile strained.  

 



164 
 

 

 

Figure 55. (a) 3D depiction of the UV-emitting NWs with individual layers. (b) RTPL spectrum with peak 

intensities at 303, 321 and 355 nm, which were emitted from the active region, graded AlGaN layer, and top 

and bottom GaN layers. Red, blue and green are the Gaussian fit spectra for the three peaks. 

 

Next, we investigated the optical properties of AlGaN Qdisks in NWs. A 3-dimensional (3D) 

schematic diagram of the NWs with the respective layers is shown in Figure 55(a). Figure 

55(b) shows the room- temperature PL of the AlGaN NWs. A strong PL signal is an 

indication of the quantum confinement in Qdisk structures with improved AlGaN 

crystalline quality. The spectrum consists of three Gaussian peaks, which correlate to 

different layers in the NWs. The three peaks that emit at ~303, ~313, and 355 nm at room 

temperature correspond to the emissions from the active region, graded layer or sub-

bandgap emission [339-342], and GaN contact layers, respectively. The emission from the 

active region has an FWHM of 14.8 nm, which is related to highly localized carriers in 

uniform well-aligned Qdisks. The demonstrated UV devices using a DHS have shown to 

have considerably broader linewidth, which signifies the use of quantum-confined 
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structures with nanoclusters in the active region. [310] The AlGaN material is less prone 

to temperature variations than InGaN, which has been shown to have an FWHM of more 

than 50 nm [168]. PL peaks from the graded AlGaN layer and GaN layer have considerably 

broader FWHMs of 23.8 and 29.4 nm, respectively. This is likely due to the dopants 

dependent linewidth broadening and therefore band-tailing effect, as well as bandgap 

variation in the presence of inhomogeneous strain; both effects becoming more 

prominent with increase in layer thickness. As discussed below, the peak at ~303 nm 

correlates well with the EL emission at high current injection. A broad but relatively weak 

peak at approximately 400 nm and above indicates the recombination through the trap 

states introduced by Mg impurities in GaN [287] and Si induced compensating native 

defects [343].  

The NWs nucleate via strain relaxation through their free surface [311, 313]. Strain was 

adjusted in the 1D model to depict the more realistic free-standing scenario as shown in 

Figure 54(d).  In the simulation, the growth direction was assumed to be N-polar, which 

is an relevant parameter in determining the direction of polarization fields. [344] The 

band offsets ∆Ec/∆Ev were assumed to be 70/30 [14]. Figure 56(a) shows the calculated 

band diagram of the AlGaN Qdisk-based UV NW LED under a forward bias of 4 V. Figure 

56(b) shows a considerably large wavefunction overlap of 42% for the electrons and holes 

because of the suppressed piezo-polarization fields, as shown in Figure 56(c). The 

calculated recombination rates in the active region show that the SRH and direct radiative  
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Figure 56. Band diagram under a forward bias of 4 V. (b) Wavefunction profiles that correspond to the electrons 

and holes in the active region. (c) Polarization-induced fixed charges. (d) Recombination rates including SRH, 

Auger and direct recombination in the active region. The fourth QW from the n-side is marked with a green box.  

 

recombination are dominant (Figure 56(d)). With a further increase in voltage bias, the 

direct radiative recombination rate is expected to surpass the SRH non-radiative 

recombination. On the other hand, because of the large number of wells, and reduced 

average carrier density, the Auger recombination is significantly suppressed. The energy 

separation of 4.19 eV (296 nm) between the confined carrier states correlates well with 

the PL and EL peak positions (303.3 nm). A decrease in barrier height is observed by 0.22 
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eV and 0.3 eV at n-Al0.5Ga0.5N/GaN and p-Al0.6Ga0.4N/GaN interfaces by incorporating a 

graded layer compared to the conventional abrupt interface, which can significantly 

enhance the carrier injection efficiency of our device. 

Figure 57(a) presents the current-voltage characteristic of the AlGaN NW LED in linear 

scale. The good diode behavior with a turn-on voltage of 9 V and a large rectification ratio 

(ratio of the forward bias to the reverse bias current) of ~106 at ±15 V are observed. In 

the presence of the adopted coalesced top p-GaN growth scheme, our device shows 

improved reverse bias behavior compared to more commonly used tilted-angle 

deposition technique for realizing devices emitting around 300 nm or below [309, 322]. 

The larger turn-on voltage compared to the bandgap of the active region might be 

because of the SixN layer at the GaN/Si interface, smaller p-contact area and reduced 

doping efficiency in large-bandgap AlGaN layers in these NWs. In NWs work, turn-on 

voltages of ~5 V to ~12 V have been reported with significant improvement obtained 

when using tunnel junctions [72, 322, 323, 345]. In comparison, a planar structure having 

GaN/AlN embedded quantum-dots, emitting at 308 nm, with an estimated IQE of 62 % 

was demonstrated albeit with considerably larger turn-on voltage of 14 V [346]. This 

further highlights the efficient doping in NWs based devices. The optical power at 

different injection currents can be derived from the L-I measurement, as shown in Figure 

57(a). It may be necessary to have a stable light output power at high injection levels 

based on the practical application. The conventional nitride-based planar devices suffer  
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Figure 57. L-I-V characteristics of the NW UV LED with a reverse bias current in the inset. (b) Calculated EQE of 

the device. (c) EL spectrum of the NW device with a changing current bias of 0-120 mA, and the measurement 

using a larger wavelength range, as shown in the inset. (d) Variation of the integrated intensity of two EL peaks 

and their peak shift, as shown in the inset.  

 

from the “efficiency-droop” phenomenon, which is a degradation of the optical power 

with an increase in injection current [287]. As shown in Figure 57(b), which depicts the 

calculated EQE plotted against the current, a droop is observed up to an injection current 

of 80 mA/cm2. The device performance can be improved because our device may have 

the following issues: (1) reduced photon collection efficiency because the device under 
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testing was not placed inside the integrating sphere; (2) low light extraction efficiency in 

the presence of top metal pad shadow, which covered 40% of the device area, semi-

transparent Ni (15 nm)/Au (10 nm) spreading layer and absorbing top p-GaN layer; and 

(3) poor heat dissipation and current injection in the presence of Si3N4 formation. All of 

these issues can be resolved with further structure design, growth optimization and 

device fabrication. A photograph of the lighting device is shown in the inset of Figure 

57(b). 

The room temperature electroluminescence (EL) spectra of the AlGaN NW LEDs were 

collected at different injection currents of 1-120 mA, as shown in Figure 57(c). The primary 

peak from the active region is ~303.3 nm with a slight blueshift (~ 1.4 nm) in the range of 

injected currents, as shown in the inset of Figure 57(d). The logarithmic plot of the EL 

intensity, shown in the inset of Figure 57(c), shows insignificant emission at approximately 

400 nm, which indicates negligible current leakage into the p-GaN layer. A second peak 

at 338 nm is observed with an FWHM of ~39.2 nm. The large width of this peak indicates 

the electron-hole recombination process from the graded AlGaN layer [72, 320, 347] or 

sub-bandgap states [340, 348]. A similar but relatively weaker peak is also observed in the 

RTPL spectrum. The integrated intensities of two EL peaks under different injection 

currents further verify the origin of the two peaks (see the inset of Figure 57(d)). At low 

injection current, because the mobility of the holes was lower than the mobility of the 

electrons, more electron-hole pairs recombined in the graded AlGaN layer and fewer 
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holes reached the Qdisks, which created a stronger 338 nm than the 303 nm peak from 

the active region. However, with an increase in bias current, increasingly more holes could 

reach the Qdisks and effectively recombined in these highly localized states. After the 

current was increased to 40 mA, the radiative recombination across the active region 

began to dominate, as indicated in the EL spectra. With a further increase in bias current, 

the peak intensity of 304 nm increased nearly linearly, whereas the peak at 338 nm began 

to saturate. Similar emission behavior with peak around 330 nm has also been attributed 

to recombination via sub-bandgap states as stated earlier. Figure 57(d) shows a similar 

trend of the integrated intensity of the two peaks. The optical performance can be further 

improved via device optimizations, such as tuning the thickness and Al concentration of 

the QB and graded AlGaN layer or using large-bandgap insertion layers in the active region 

to increase the strength of the radiative recombination [349]. 

 Conclusion 

In summary, the droop-free AlGaN-Qdisks-based UV-NWs-LED emitting at 337 nm was 

demonstrated on scalable Ti/Si template substrate. The vertically aligned NWs were 

grown using PAMBE with density, diameter, and length of ~9x10-9 cm-2, ~80 nm, and ~350 

nm respectively. TEM analysis showed well defined, defect-free Qdisks formation. Large 

carrier wavefunctions overlap of 42 %, and narrow linewidth of 11.7 nm was obtained in 

the presence of Qdisks. Both FWHM and the peak wavelength of EL emission were 

invariant to injection current. The power shows no-rollover with injection current up to 
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120 A/cm2 emphasizing the active role of Qdisks to reduce carrier separation and Ti 

interlayer which provides higher UV reflection, better heat dissipation, and improved 

current injection. Thus the droop-free characteristics of UV Qdisk-in-NW device reported 

here provided the desirable eco-friendly, and cost-saving solution for replacing mercury-

based lamp for a plethora of applications. 

Furthermore a UV-B LEDs based on self-planarized AlGaN NWs with nanocluster features 

embedded in the Qdisks were demonstrated. The vertically aligned NWs with a large 

density of ~1×1010 cm-2 and significant coalescence of top p-GaN were grown using 

PAMBE on Si substrates with a large filling factor (>95 %). Strong PL and EL emissions from 

the active region were obtained because of the better crystal quality of the material, 

reduced polarization fields, and tightly quantum-confined carriers in the Qdisks in NWs. 

The EL peak emission of the Qdisk-based UV LEDs has a small linewidth of 20 nm, which 

is significantly better than that of the conventional DHS-based UV NW LEDs.  
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 Applications 

Visible lighting and image projection [350] based on solid state devices have recently 

attracted considerable attention because of their small foot-print, long lifetime, stable 

light-output, low power consumption and heat generation, mercury-free, and fast 

modulation capability, which uncovers new areas such as optical wireless 

communications (OWC) [350-354].  By mixing three primary colors (red, green, and blue, 

i.e. RGB), one can produce white light with varying color temperatures [355].  

White light based on blue laser and YAG:Ce3+ phosphor has the advantage of 

implementing SSL and optical wireless communications combined-functionalities in a 

single lamp. The quality of light, measured by CRI, for the LD based lighting (blue LD and 

LED with yellow-phosphor) is relatively small. Also due to the high pumping power density 

from LD, up to date, there is still no reliable phosphor for high CRI LD-based SSL yet [143, 

356].  

In this work, we first explore nitride-based red, green and blue laser diode based white 

lighting. However, RGB triplets suffer from an inherent drawback of narrow linewidth 

which does not fill the visible spectrum, resulting in the poor rendering of colors of the 

illuminated object. Tsao et.al utilized the RYGB configuration with very promising results 

but the yellow optical source employed was based on sum frequency generation which 

significantly reduces the cost-effectiveness of the system [357]. 
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Thus, to improve white color quality, in the proceeding work, we implemented the orange 

and yellow emitting InGaN/GaN Qdisks-in-NWs grown on a cheap silicon substrate as an 

“active phosphor” for LD-based SSL. This was achieved in the presence of the broad 

emission from the InGaN Qdisks based NWs devices. Since such devices can be operated 

at elevated temperature and power density, we thereby achieved intensity- and 

bandwidth-tunability for high color-quality SSL applications. Data was in parallel encoded 

onto the LDs to achieve data rate in the Gbps range.     

 Going beyond 4-Gbps data rate by employing RGB LDs for visible light 

communication 

 

Figure 58. Experimental setup for white light based visible light communication. 

 

The experimental setup is shown in Figure 58. RGB LDs were used to generate white light 

by passing the laser beam through a commercially available diffuser. The LDs, red (LP642-

SF20), green (LP520-SF15), and blue (LP450-SF15) from Thorlabs, exhibits a nominal 

spectral linewidth / center wavelength of 1 nm / 640 nm, 0.48 nm / 515 nm, 0.9 nm / 
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447.2 nm, respectively. Plano-convex lenses (LA1951-A) were used in front of the emitting 

devices to collimate the laser beams. To obtain white light, the beams were aligned in a 

single path with the help of a mirror (BB2-E02) and two beam splitters (BP145B1) with a 

splitting ratio of 45/55. After passing through the diffuser, the diffused and mixed white 

light is then collected using a focusing lens (LA1131) and focused onto an avalanche 

photodiode (APD210 by Menlo systems, detector diameter of 0.5 mm) with selected 

band-pass filter in between. Distance from the diffuser to the detector was kept at ~20 

cm. Three bandpass filters (FB (450/520/640)-10) were utilized to allow only the 

wavelength with modulated data to reach the photodetector. 

 

 

Figure 59. Light output power – current – voltage (L-I-V) characteristics and above threshold emission spectra 

of the (a) red, (b) green and (c) blue LDs. 

 

Figure 59(a)-(c) shows the light-output – current – voltage (L-I-V) curves of the pigtailed 

RGB LDs having threshold current of 59.7 mA, 50.6 mA and 34.0 mA and slope efficiency 
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of 39.7%, 16.7% and 22.2%, respectively.  The lasing wavelengths for the RGB LDs are 640 

nm, 515nm, and 447.2 nm; while the corresponding full-width at half-maximum (FWHM) 

are ~ 1 nm, ~ 0.48nm, and ~ 0.9 nm, respectively, as shown in the insets for each figures. 

As a figure of merit, the frequency response of the three lasers for the allowable encoding 

bandwidth and transmission performances is characterized.  

 

 

Figure 60. Diffused light spectra with white light characteristics shown in the inset with 16-QAM OFDM encoding 

done on: (a) red (b) green and (c) blue LDs. 

 

For white light experiment, the bias levels for RGB LDs were set at 110, 100 and 70 mA 

respectively. Based on the setup shown in Figure 58, best operating conditions were 

obtained for the RGB LDs. Individually LDs were independently modulated using 1, 1.1, 

1.2 GHz 16-QAM OFDM data. The diffused white light spectral characteristics, 

corresponding to the intensity ratio between the red, green and blue, were measured 

with a GL Spectis 5.0 Touch spectrometer.  
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Table 5. Bit error rate (BER) and CCT measurements when encoding blue LD with 4 Gbps 16-QAM OFDM data at 

different strengths of OD filters. 

OD Filter Strength BER CCT (K) 

0 1.5×10-3 12000 

0.1 1.5×10-3 9020 

0.2 2.8×10-3 7000 

0.4 5.1×10-3 5901 

 

The intensities of the two LDs not being encoded were varied to get good white light color 

temperatures by varying the DC bias conditions. Modulated laser was kept in the 

optimized operating condition. Since the white light characteristics drastically changes 

with blue light intensity, optical density (OD) filters were used to improve for better 

results.  

The goal of this study is to achieve highest possible data rates, with BER meeting the FEC 

standard (BER ≤ 3.8×10-3) and white light with CCT value of 5500 K. Briefly, we 

demonstrated that all three LDs can be modulated with data rates up to 4 Gbps.  

It is worth mentioning that without the diffuser, blue LD gave the best BER results. 

However for white light based VLC, red LD provides the highest data rate of 4.4 Gbps with 

stronger received signal intensity. 
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 Ultra-broad linewidth orange-emitting nanowires LED for high CRI LD-based white 

lighting and gigahertz communications. 

 

Figure 61 Schematic of the On-Off Keying Non-return-to-zero (NRZ-OOK) modulation setup for the orange NWs 

LED /  blue LD architecture for optical wireless communications (OWC) and white-light generation. For 

comparison of white light quality, either a LD or a LED was used to generate blue light and then combined with 

orange light from NWs LED, without the modulation signal. The white light characteristics were measured using 

GL-Spectis 5.0 Touch spectrometer without the plano-convex lens and long-pass filter (located after the orange 

NWs LED), and without the avalanche PD / DCA-J 86100C. 

 

The designed experimental setup is shown in Figure 61 where a blue LD was used in 

conjunction with orange nanowires (NWs) LED to generate white light by passing the laser 

beam through a commercially available diffuser. The blue LD (LP450-SF-15) from Thorlabs 

exhibits a nominal spectral linewidth of around 1 nm centered at 447 nm. A commercial 

blue LED with peak emission at ~460 nm was used to compare the white light 

characteristics. Plano-convex lens (LA1951-A) was used in front of the LD to collimate the 

-

+
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laser beam. To obtain white light, the beam was passed through the diffuser (ED1-C50-

MD) and mixed with orange NWs LED. The mixed white light is then measured using the 

GL Opti-probe attachment, fiber-coupled into the GL Spectis 5.0 Touch spectrometer. 

For modulating blue LD, DC biasing current (Ibias) and peak-to-peak modulation current 

(Ipp) are adjusted to optimize the signal-to-noise ratio (SNR) of the transmission.  

 

 

Figure 62  L-I-V characteristics of: (a) orange NWs LED, (b) blue LD, and (c) blue LED; with emission spectra 

(intensity versus wavelength) for (b) and (c) shown in the insets. 

 

The L-I-V characteristics of the orange NWs LED was characterized at different biases is 

shown in Figure 62(a). A turn-on voltage of 4.2 V was obtained which is relatively larger 

than its planar counterpart. This can be due to the presence of higher contact resistance 

at the top p-GaN layer and insertion of AlGaN carrier blocking layers. An important feature 

to be noted is that no saturation in power is observed up to 70 mA of current injection. 
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Figure 62(b)-(c) shows the L-I-V characteristics of the blue LD having a threshold current 

of 34.0 mA, 22.2% differential efficiency with peak wavelength at 447 nm and linewidth  

of 1 nm, while the blue LED having a turn on voltage of ~2.6 V with peak wavelength of 

459 nm and linewidth of 16 nm, respectively. Due to optical coupling and optical fiber 

losses, the LD shows a flat power response up to injection current of 25 mA. 

For the white light experiment, the bias current for the blue LD was kept at the optimum 

operating condition of 39 mA. The intensity level of the ultrabroad linewidth orange LED 

was varied to improve white light characteristics by changing the bias current from 50 mA 

to 200 mA. In parallel, the intensity of blue LD was also adjusted using a variable 

attenuator keeping the bias at 39 mA. It was seen that the white light color temperature 

drastically changed with the blue light intensity. For the blue LED, the intensity was 

adjusted by varying the voltage. In Figure 63(b)-(c), the diffused white light spectral 

characteristics, which correspond to the integrated intensity ratio between the blue light 

and orange light, along with the CRI and the CCT based on CIE 1931 standard were 

measured with a GL Opti-probe connected to GL Spectis 5.0 Touch spectrometer. When 

the orange LED was operated at a bias current of 140 mA, a CCT value of 4138 K and a CRI 

of 83.1 were obtained as shown in Figure 63(b). As compared to the case when using blue 

LD to excite single-crystal YAG phosphor with the resultant linewidth of ~100 nm, a CRI of 

mere 58 was reported [358]. The blue laser based white lighting using orange NWs LED is 

thus a better candidate for achieving a prominent CRI. 
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 Figure 63 (a) A photo showing the white light obtained after mixing orange and diffused blue laser light.  The 

white light spectra generated using orange LED with blue LD (b), and blue LED (c) selected from those showing 

the best CRI values of 83.1 and 73.4, respectively, with the respective color coordinates and CCT values 

indicated. The white spots in the chromaticity diagrams correspond to these values. In selecting the best CRI, 

the injection current for the orange LED was fixed at 50, 100, or 150 mA, while the intensity of the blue 

component was varied by simply 

 

We have also systematically compared the white light characteristics, based on CRI 

values, of the blue LD against that of a commercially available blue LED. CRI provides a 

quantitative measure of the degree of a light source revealing the color of an object under 

consideration, when compared to a Planckian light source having the same Kelvin 

temperature. As shown in Figure 63(c), considerably improved white light characteristics 

can be achieved with both blue LD and LED. Compared to a Planckian radiator emitting 

around 4000 K, the LD light, having smaller linewidth, reveals the color of an object more  
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Figure 64 (a) The white light spectra generated using RGB LD and orange LED for the best CRI value with the 

corresponding CRI coordinate (white spot with cross) shown in the inset. (b) The CRI coordinates achieved by 

varying the intensities of the RGB LDs or LEDs to change the color temperatures and to achieve the best CRI 

value as indicated. A CRI of 90.4 was obtained but at the cost of poor CCT (1920 K). 

 

faithfully compared to that of a blue LED with a much wider linewidth. Thus blue LD, 

compared to LED exhibits higher CRI value. Color temperatures were seen to drastically 

change with blue light intensity as shown in Figure 63(d)-(e). In another study we 

introduced RG LDs component at 532 nm and 640 nm and were able to achieve CRI value 

above 90 but at the cost of color temperature which went below 2000 K as shown in 

Figure 64(a)-(b); thus elucidating the strength of our demonstrated orange NWs LED / 

blue LD device architecture. By using the experimental setup depicted in Figure 61 and 

the optimized operating condition we achieved a transmission rate of up to 1.06 Gbps.  
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In this experiment an ultra-broad linewidth orange LED was employed to improve the 

white quality. Also, the LD was encoded with 1.06 Gbps transmission; open eye diagrams 

and FEC compliant BER of 1.93×10-3 were successfully obtained. In addition, colorimetric 

properties of the white light source were characterized. At 140 mA injection current, we 

achieved white light with a CCT of 4138 K and a CRI of 83.1, a value unmatched by the 

blue LD – phosphor counterpart. Our demonstrated ultrabroad linewidth orange NWs LED 

in conjunction with narrow linewidth blue LD based white light source will be applicable 

for next-generation high-efficiency indoor illumination and optical wireless 

communications systems. 

 True yellow Light-emitting Diodes as phosphor for tunable color-rendering index 

laser-based white Light 

For white light generation, red (LP642-SF20), green (LP520-SF15), and blue (LP450-SF15) 

LDs from Thorlabs, with nominal spectral linewidth / center wavelength of 1 nm / 640 nm, 

0.48 nm / 515 nm, 0.9 nm / 447.2 nm, respectively, were utilized. The white light 

experiment was performed using collimated laser beams. The beams were focused onto 

the NWs samples using plano-convex optics. The diameter of the spots was adjusted to 

the scale of the device (0.5×0.5 mm2). The laser-beams were at ~45o incidence angle to 

the substrate surface to extend laser-beam spot on the NWs device. This in turn produces 

a projection of homogenous white light on a screen at 50 mm away, and normal to the 
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yellow LED sample. The mixed white light was measured using a GL Opti-probe 

attachment, fiber-coupled into the GL Spectis 5.0 Touch spectrometer. 

The white light experimental setup is shown Figure 65(a). To obtain white light, the 

collimated beams were directly illuminated onto the NWs sample. The NWs act as both 

the scattering source and reflective surface thus mixing the RGB LDs beams with the 

diffused yellow light emitted by the NWs LED. A commercial blue LED with peak emission 

at 459 nm was also used to compare white light characteristics. Figure 65(b) shows a 

bottom-up picture of the mixed white light obtained using the RGB LDs and yellow NWs 

LED.   

Corresponding to the intensity ratio between the RGB and yellow, the scattered white 

light spectral characteristics were measured. The diffused light spectrum along with the 

white light CRI and CCT based on CIE 1931 standard is shown in Figure 65(c)-(e). In Figure 

65(c), the combination of blue LED and yellow spontaneous emission led to CRI similar to 

conventional blue LED/yellow-phosphor configuration. The blue LD and yellow LED mimic 

the LD-phosphor combination as shown in Figure 65 (d). Figure 65 (e) depicts that further 

improvement in white light can be obtained by introducing a green and red component 

which increased CRI to 87.7 with CCT of ~6056 K. 

White light based on RGB LDs and yellow NWs LED was demonstrated. In the discussed 

configuration for the white light generation, the NWs acted as a scattering unit thus 

mixing RGB and broad yellow component of the emitted light. With just the blue  



184 
 

 

 

Figure 65. (a) Schematic of experimental setup for white lighting. (b) The white light generated using RGB LDs 

and yellow NWs LED in reflective configuration. The spectrum of white light generated using blue LED (c) and 

LD (d). (e) Mixing RGB LDs and yellow NWs L LED. The best CRI for each configuration are shown. 

 

component combined with that of yellow a CRI of more than 65 was obtained which is 

comparable to the conventional phosphor being utilized. Further improvement in white 

light was achieved by mixing the red and green component resulting in CRI of 87.7 and 
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CCT of ~ 6056 K. Thus, future smart-lighting based on RGB LDs can be made more efficient, 

reliable and controllable based on combination of RGB LDs with active true yellow NWs 

based phosphor. Furthermore, the true yellow NWs LED was grown on low-cost, CMOS-

foundry compatible Ti-thin-film/Si substrate platform, thus favorable for eventual III-V/Si 

integration as wired backbone communication light source, including potential single-

photon source for quantum computing applications. 

 Health-friendly, high-quality white light using violet-green-red laser and InGaN 

NWs-based true yellow light-emitting diodes 

 

Figure 66. Schematic of the white light generation experiment using yellow LED and red, green and violet (RGV) 

LDs. (a) Probed yellow NWs LED. (b) Image of white light generated in a reflective configuration and (c) Diffused 

white light generation. 

 

Here we report a white light generation using RGV LDs and broad linewidth, true yellow 

InGaN quantum-disks (Qdisks)-in-NWs LED operating at room temperature. The peak 

emission of the yellow LED of 589 nm was obtained at 9.8 A/cm2 bias (98 mA over an area 
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of 1×1 mm2) with an FWHM of ~73.88 nm.  The LED showed a low turn-on voltage of 2.1 

V. The absolute peak optical power measured was 400 μW at 9.8 A/cm2 with an IQE of 

~39 %. By implementing the true yellow NWs LED as a source of yellow-phosphor light, 

and as a light scattering plane, in a reflective configuration, for color-mixing with red, 

green and violet (RGV) laser photons, we present a novel solution to phosphor/LD 

architecture. This configuration allows tunability while showing excellent white color 

quality. Our lighting architecture considers the exclusion of blue light, in significantly 

removing its damaging effect to the human circadian rhythm, in designing smart SSL. 

 

 

Figure 67. Figure 67. Optical and L-I-V characteristics of (a) red, (b) green and (c) violet laser diode. 

 

For white light generation, red (LP642-SF20), green (LP520-SF15), and violet (LP405-SF10) 

LDs from Thorlabs, with nominal spectral linewidth / center wavelength of 1 nm / 640 nm, 

0.48 nm / 515 nm, 1.1 nm / 405 nm, respectively. The white light experiment was 

performed using collimated laser beams focused onto the NWs samples using plano-
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convex optics. The diameter of the spots was adjusted to the scale of the device (1×1 

mm2). The laser-beams were incident at an angle to the device surface to extend laser-

beam spot and increase their interaction with the NWs. This, in turn, produces a 

projection of white light on a screen at 50 mm away, and normal to the yellow LED 

sample. The mixed white light was measured using a GL Opti-probe attachment, fiber-

coupled into the GL Spectis 5.0 Touch spectrometer as shown in Figure 66(a)-(c). Sufficient 

characterization of the LDs was being done prior to the white light experiment. Error! 

Reference source not found.(a)-(c) shows the light output power-current-voltage (LIV) 

curves of the RGV LDs having a threshold current of ~60 mA, ~51 and ~32 mA. The lasing 

wavelength and FWHM of the RGV LDs are 640/1 nm, 515/0.48 nm, and 405/1.1 nm as 

shown in insets.  

The underlying Ti layer helps to reflect the impinging light.  A low turn-on voltage of 2.1 

V was obtained with droop-free behavior up to 9.8 A/cm2. The peak emission of 591 nm, 

having a linewidth of 74.7 nm, was measured at 9.8 A/cm2. The EL spectrum shows a blue 

shift of 34 nm with variation in injection current from 0-9.8 A/cm2 as shown in Figure 

68(c), which is attributed to preferential pumping of NWs ensemble emitting in yellow. 

The quantum-confined stark effect has been ruled out as these structures are observed 

to be strain free with reduced piezo polarization fields. The PL and EL being two different 

processes show good consistency. A homogenous light emission from the 1×1 mm2 device 
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is shown as an inset in Figure 68(c), confirming suitable fabrication process. The measured 

CCT and CRI values of the standalone yellow NWs LED was 2382 K and 39.3.  

 

 

Figure 68. (a) 3D schematic of the fabricated NWs device with top contacts and underlying Ti coated Si substrate. 

(b) L-I-V plot of the 1×1 mm2 yellow NWs LED. EL plot of the device shows emission of 591 nm at 9.8 

A/cm2 of injection current. (d) EQE plotted against wavelength shows droop-free behavior up to 

injection current of 9.8 A/cm2. 
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CCT is a measure of light source color appearance in comparison to a black body radiator. 

CCT is given in Kelvin with values above 5000 K are considered as cool colors and below, 

warm colors. While CRI provides an indication of the ability of the light emitting device to  

 

 

Figure 69. (a) The obtained white light spectra using RGB LD (b), and RGB LD in conjunction with yellow NWs 

LED selected from those showing the best CRI values of 17.5 and 87.7, respectively, with the 

corresponding color coordinates and CCT values indicated. 
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reveal the color of various objects in comparison to response to an ideal source. CRI is a 

unit less values with maximum 100 given to a perfect black body radiator. 

Systematic characterization of white light using RGB LDs based on CCT values has been 

done in our previous work [252, 359]. As can be seen in Figure 69(a), with RGB LDs, the  

 

 

Figure 70. (a) The white light spectra generated using GV LD and (b), and RGV LD in conjunction with yellow NWs 

LED selected from those showing the best CRI values of 68.8 and 88.8, respectively, with the respective color 

coordinates and CCT values indicated. 
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Planckian locus line depicting white light with different CCT values can be covered. This is 

possible by individually changing the LDs intensities with respect to each other. The 

drawback of relying on RGB LDs is that the quality of white light, as quantified by CRI 

value, is considerably lower in the absence of broad linewidth light signals; and thus 

prevent this technology to be of any practical use. Though red, green and blue LED with 

relatively broader linewidth have shown tunable CCT with improved CRI values, smaller 

bandwidth and ‘efficiency droop’ issue have limited their use in high-speed 

communication and high power operation applications [360].  Tsao et al. in his recent 

work showed significantly improved white light quality by introducing a yellow LD in the 

RGB configuration [359]. The yellow component was obtained using frequency doubling 

method which is costly and lacks stability. In our recent work, we demonstrated NWs 

based yellow LED grown on cheap Si substrate to achieve improved white light 

characteristics while also maintaining the niche of color tunability. As shown in Figure 

69(b) the best CRI obtained was 87.7 with a CCT of 6056 K [361]. Such CRI values are 

comparable to that obtained for commercially used incandescent lamps. 

Though with blue light, improved quality of white light can be obtained, the health related 

issues provide the motivation to adopt shorter wavelengths as a substitute. In this regard, 

an obvious choice at night is to have devices emitting in the violet regime in mediating 
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human circadian rhythms [148, 362]. In our experimental, we used a violet laser, emitting 

at 405 nm, as a possible replacement for blue LD.  

As can be seen in Figure 70(a), with the green violet (GV) LD and yellow LED, CRI above 

65.5 was obtained with a CCT value of 3660 K. Such CRI values can be seen in single LD 

and YAG phosphor based solution [358]. Since for indoor lighting, it is desired to have CRI 

values above 80, we incorporated a red LD, in our setup. With the new configuration of 

red, green and violet (RGV) LD and yellow LED we were able to push the CRI above 85  

 

Table 6. Measured CCT and CRI values for different combinations of RGV LDs and yellow LED intensities. 

CCT (K) CRI 

4215 65.3 

4067 66.6 

3908 69.3 

3211 77.5 

3022 80 

2819 82.7 

2610 86.1 

2411 88.8 

 

having CCT temperature of 2411 K. It was observed, in comparison to RGB LD and yellow 

LED which shows cooler white light characteristics for high CRI values, violet based 

configuration gives much warmer white light as stated in Table 6. Measured CCT and CRI 
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values for different combinations of RGV LDs and yellow LED intensities. In another study, 

the blue light component was significantly reduced in conjunction with violet LD while 

having CRI values above 80. Figure 70(b) inset shows with drawn arrow how the 

coordinates of the white light change on the color chromaticity space. With the increase 

in violet LD intensity the white color light shows cooler characteristics. A similar trend is 

observed with red LD which shows an increase in CCT value with the increase in intensity.  

Though the CRI values decrease from the optimum value indicated with the black arrow, 

further tweaking of the LD intensities can re-attain white light characteristic values with 

high CRI values.  

The GaN-based laser light emitting devices in lighting and visible light communication 

have attracted considerable attention because of their stability, effective power 

consumption, and high-speed modulation capability. Though, the blue component in the 

blue LDs/yellow-emitting YAG: Ce3+ phosphor white light generation platform have 

detrimental health related issues. By making use of the true yellow NWs LED in 

conjunction with red, green and violet LDs, we present a new solution to active-

phosphor/LD architecture, which allows tunability while showing excellent color quality. 

We were able to get a warm white light with CCT of 2411 K and high CRI 88.8. Such results 

are comparable to more conventional blue LD based white light solutions. Our lighting 

architecture considers the removal of blue light, in significantly removing its harmful 

effect to the human circadian rhythm, in designing smart SSL. 
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 Conclusions  

An urgent challenge for the SSL research community is the lack of efficient optical devices 

emitting in between 500 nm and 620 nm resulting in the ‘green-yellow gap’ and UV 

regime. III-nitride material system being the most encouraging choice of platform to 

bridge this gap still suffers from significant dislocation density and poor crystal quality in 

realizing the high power and efficient devices. Particularly, the large polarization fields in 

the active region of such two-dimensional (2D) quantum-confined structures prevent 

efficient recombination of carriers. Defect-free nitride-based nanowires (NWs) optical 

devices offer a robust, long-term stability for realizing emitters for SSL, on scalable, low-

cost, foundry-compatible silicon and titanium (Ti)/silicon (Si) substrates, suitable for 

industry uptake. 

In Chapter 1 nitride material system was introduced as a promising candidate in the 

realization of efficient light emitting devices. However, due to a lack of lattice-matched 

substrates and inherent polarization fields nitride-based devices suffer from the 

‘efficiency-droop’ issue. Furthermore, alloy clustering prevents high indium 

concentration, in planar structures which has resulted in the ‘green-yellow’ gap. Similarly, 

due to considerable dislocation densities, for UV devices grown on the sapphire 

substrates have caused low internal quantum efficiency (IQE) with values less than 20 %. 

These challenges provide the motivation to explore a new platform which is not limited 

to the expensive substrate, allows better crystal quality and use of higher indium 
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concentration. NWs is one such platform which incorporates all such advantages and can 

be grown, with ease, on a variety of substrates including Si thus it provides an attractive 

choice to target the ’green-yellow gap’ and UV wavelengths which have tremendous 

applications.  

The growth of nitride material system was discussed in chapter 2. It was found that the 

growth temperature, group III/V flux ratio and the underlying substrate had a great 

impact on the growth surface chemistry. Moreover, InGaN and AlGaN showed 

significantly different kinetics based on the different diffusion, adsorption, desorption 

and dissociation properties of adatoms.  For growing planar structures, bad crystal quality 

and small growth window for achieving atomically smooth surfaces at low-temperature 

were considered as the main bottlenecks. Plasma assisted molecular beam epitaxy 

(PAMBE) technique was introduced, as a viable option to grow, catalyst-free NWs on 

various substrate which has a controllable growth rate of a few monolayer under high 

vacuum conditions.  

Chapter 3 starts with the growth of catalyst-free NWs on Si and Ti/Si substrates followed 

by various characterization techniques. A 2-step growth method was established to 

realize tightly packed, high density and vertically aligned NWs on Ti/Si substrate. Electron 

microscopy was used to assess the crystal quality and morphology of the NWs. Different 

planes, promoting NWs growth were identified using X-ray diffraction (XRD). The grown 

devices were fabricated using relevant fabrication steps to target visible and UV emission 
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regimes. In addition, to gauge the optical and electrical properties of the devices 

photoluminescence and electroluminescent, methods and setups, were introduced. 

Additionally, Raman technique was discussed along with bias-dependent Raman setup, 

to understand the effectiveness of underlying Ti layer for improved heat dissipation and 

current injection. 

The theoretical framework to simulate the carrier dynamics in the nitride-based 

quantum-confined structures was developed in Chapter 4. Planar structures were 

modeled first to establish an understanding of the complex interplay between the strain 

and polarization fields and their effect on the energy-bands which dictate the carrier 

dynamics. Novel designs based on grading, superlattice (SL), and insertion layer were 

presented which showed a reduction in carrier separation and enhanced carrier injection. 

The simulation work was extended to NWs framework which was assumed to be strain 

relieved structures. A ‘strain minimization model’ was adopted to investigate the ‘free-

standing’ nature and non-uniform strain profile of the quantum-disk (Qdisks) inside the 

active region. Individual layers were found to exert strain on their neighboring regions 

resulting in an intricate strain distribution across the active region. Thus careful attention 

was given into the designing of the NWs-based active regions using nitride material 

system.  

In Chapter 5, work on the technological challenging orange and yellow NWs LED was 

described. An orange NWs LED was demonstrated having an emission at 614 nm. With 
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the 2-step growth method, an aerial density of 6.8×109 cm-2 and a vertical height of 800 

nm was achieved having large aspect ratio. It was shown that the inhomogeneity 

introduced by the NWs resulted in an ultra-broad electroluminescence (EL) spectrum. The 

EL peak displayed no shift with increasing bias current, implying reduced polarization. The 

second half of the chapter covers the demonstration of true-yellow NWs LED with a peak 

emission of 588 nm at 29.5 A/cm2 (75 mA in 0.5×0.5 mm2 device). Due to the underlying 

Ti layer, a low turn-on voltage of ~2.5 V was achieved. Furthermore, the device exhibited 

an IQE of 39 % in the presence of Qdisks. The absence of ‘efficiency-droop’ up to an 

injection current density of 29.5 A/cm2
 further highlighted the advantages of using Qdisk-

in-NWs grown on Ti/Si substrate.  

In Chapter 6, NWs study was extended to shorter wavelength UV devices. The UV devices 

were grown on a titanium-coated n-type Si substrate, keeping in mind the advantages 

associated with it. We utilized the self-assembled NWs with embedding Qdisks to improve 

carrier confinement and achieve UV emission of 337 nm at 32 A/cm2 (80 mA in 0.5×0.5 

mm2 device), a low turn-on voltage of ~5.5 V and ‘droop-free’ behavior up to 120 A/cm2 

of injection current. A narrow linewidth of 11.7 nm in the EL spectrum and a strong 

wavefunction overlap factor of 42 % confirmed improved quantum confinement within 

uniformly formed AlGaN/AlGaN Qdisks as verified by transmission electron microscopy 

(TEM). Moving forward, we demonstrated a dislocation-free AlGaN UV-B (280 – 320 nm) 

NWs LED having spontaneous coalescence. The UV-B device was grown by PAMBE on an 
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n-type doped Si (100) substrate. A high density of NWs (filling factor > 95%) was achieved 

under optimized growth conditions, enabling device fabrication without planarization 

using UV-absorbing polymer materials. UV-B NWs LED, which emits at ~303 nm with a 

narrow full width at half maximum (FWHM) (~20 nm) of the emission spectrum, was 

demonstrated using a large active region (“active region/NWs length-ratio” ~ 50%) 

embedded with 15 stacks of AlxGa1-xN/AlyGa1-yN Qdisks. To improve the carrier injection, 

a graded layer was introduced at the AlGaN/GaN interfaces on both p- and n-type regions. 

This work demonstrated a viable approach to easily fabricate ultra-thin, efficient UV 

optoelectronic devices on low-cost and scalable silicon substrates. Despite the clear 

benefit of the quantum-confinement nanostructure, it has not been commonly explored 

in AlGaN-based NWs. The nitride-based UV NWs LEDs grown on an inexpensive and 

scalable silicon and metal/silicon template substrate, offers environment-friendly 

solution for numerous applications, such as SSL lighting, spectroscopy, medical science, 

and security.  

White light generation using visible NWs-based devices was covered in Chapter 7. It was 

shown that the by adding the broad emission from the NWs LED to the red, green and 

blue (RGB) configuration, much improved white light characteristics can be achieved. This 

provides an alternative to YAG:Ce3+ phosphor used in LD-based SSL, which lacks tunability 

and has a rapid degradation issue. We present an original proof-of-concept of the 

generation of high-quality white light using an InGaN-based orange Qdisk-in-NWs LED 
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grown on silicon substrate, in conjunction with a blue LD, and in place of the compound 

yellow-phosphor. By altering the relative intensities of the ultra-broad linewidth orange 

and narrow-linewidth blue components, our LED/LD device architecture achieved CCT 

ranging from 3000 K to above 6000K with CRI values reaching 83.1, a value unrivaled by 

the YAG-phosphor/blue-LD counterpart. Similarly, by mixing yellow light from NWs LED 

in reflective configuration, with that of RGB LD, white light with CCT of ~ 6000 K and CRI 

of 87.7 was achieved.  Furthermore, blue light was substituted with a violet light, showing 

good white light characteristics, to provide a more health-friendly solution related to the 

human body circadian rhythm.   

In conclusion, this work presents significant advances in the growth of good quality GaN, 

InGaN and AlGaN Qdisks-in-NWs based on careful optimization of the growth parameters, 

coupled with a meticulous layer structure and active region design. We demonstrated 

orange and yellow NWs LED on a cheap and scalable platform as a possible solution in 

overcoming the ‘green-yellow gap’ in existing display and lighting technology. The use of 

NWs enables the growth of UV-A and UV-B devices, free from dislocation, in the active 

region while having efficient doping and reduced polarization fields. These findings 

circumvented the technology limitation in conventional planar epitaxy technology and 

leap-frogging the development of nitride NWs-based optoelectronic devices for 

applications ranging from environmental cleaning, medical and SSL. 
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 Recommendations 

The discussion on nanowires (NWs) can be extended to a number of future studies. In 

chapter 2, growth of NWs was discussed with challenges associated with Ti/Si platform. 

A 2-step growth method was introduced in achieving high dislocation density. Though we 

successfully managed to demonstrate visible/ UV light emitting devices on such platform, 

a deeper understanding is required on the phase transformation and atoms diffusion at 

Ti/Si interface at elevated temperatures. Furthermore, the 2-step growth method can be 

extended to growth on other attractive platforms such as quartz, metal, silicon on 

insulator substrates. 

In chapter 4, numerical modeling of NWs was introduced which was important in 

understanding the carrier dynamics. The one dimensional current-problem model of the 

NWs only took into account the strain distribution through the center of the NWs. In a 

real scenario, surface states due to dangling bonds or impurities pins the Fermi-levels and 

also introduce non-radiative recombination centers; both affecting the carrier flow and 

recombination lifetimes. Also, bandgap variation radially has to be taken into account to 

accurately study quantum-confinement. Moreover, truncated InGaN tapered quantum-

disks (Qdisks)-in-GaN matrix will have a different confinement factor and density of 

states. Thus future study can consist of solving the current-problem in the three 

dimensional (3D) domain which will additionally enrich our understanding of how the 

carriers behave in such complicated 3D geometries. 
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Yellow and orange NWs LED were demonstrated targeting the ‘green-yellow’ gap in 

chapter 5. Even though the optical devices on Ti/Si substrate showed droop-free 

behavior, the calculated EQE values were considerably low. This requires further growth 

optimization of the NWs morphology, density, and crystal quality. More thorough device 

structure optimization based on the 3D based models will further help in growing more 

efficient structures. The NWs LED work on Ti/Si can be extended to visible LDs on Ti/Si 

platform which will open a whole new class of efficient optical devices with low threshold 

currents. 

Chapter 6 deals with the demonstration of UV-A/B LEDs on Si and Ti/Si platform. Similar 

to visible NWs devices, future work should focus on increasing the EQE values of such 

devices. Mainly theoretical work, on the interaction of emitted light with the NWs 

morphology, ensemble, and NWs-air interface has been done which requires extensive 

experimental results backing. With further optimization and making use of the niche 

properties of NWs, the study can be extended to electrically injected UV laser diodes (LD). 

Up till now no NWs-based UV edge-emitting LDs have been demonstrated. The shortest 

wavelength electrical injected UV LD demonstrated was grown on a planar structure and 

had an emission at 342 nm [327]. NWs with their numerous pluses including enhanced 

Mg-doping provides the motivation to target even shorter wavelength in the UV- B/C 

regime on the demonstrated Ti/Si platform.  



202 
 

 

The broad linewidth of visible NWs LEDs in the yellow-orange regime provides the 

motivation to use them as an active-phosphor. Though yellow-orange light emitting 

devices, helps improve the CRI values considerably and provides a robust-tunable solution 

to current yellow-phosphor platform; a monochromatic light source will overlap better 

with the existing red, green and blue (RGB) LDs technology. Currently, no solid-state 

monochromatic source exists in the ‘green-yellow’ gap. Thus future study on realizing a 

yellow-LD based on NWs platform and its integration with SSL technology will have a 

tremendous impact in the field of lighting.  
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