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ABSTRACT 

III-NITRIDE NANOSTRUCTURES: PHOTONICS  

AND MEMORY DEVICE APPLICATIONS  

by 

Barsha Jain 

III-nitride materials are extensively studied for various applications. Particularly, III-

nitride-based light-emitting diodes (LEDs) have become the major component of the 

current solid-state lighting (SSL) technology. Current III-nitride-based phosphor-free 

white color LEDs (White LEDs) require an electron blocking layer (EBL) between the 

device active region and p-GaN to control the electron overflow from the active region, 

which has been identified as one of the primary reasons to adversely affect the hole 

injection process. In this dissertation, the effect of electronically coupled quantum well 

(QW) is investigated to reduce electron overflow in the InGaN/GaN dot-in-a-wire 

phosphor-free white LEDs and to improve the device performance. With the incorporation 

of electronically coupled quantum well, it is demonstrated that light output power and 

external quantum efficiency (EQE) are increased, and efficiency droop is reduced. It is 

attributed to the significant reduction of electron overflow primarily responsible for 

efficiency degradation through the near-surface GaN region. In addition, a blue-emitting 

InGaN QW is incorporated between the quantum dot (QD) active region and p-GaN, 

wherein electrons escaping from the device active region can recombine with holes to 

contribute to white-light emission. 

Moreover, different device design approaches are presented in this dissertation to 

mitigate the electron overflow in AlGaN deep ultraviolet (DUV) LEDs. A novel EBL-

based LED structure is demonstrated instead of conventional EBL-based LED which 



 

 

shows enhancement in the output power by ~3.5 times at 254 nm wavelength. Additionally, 

another novel approach is presented to mitigate the electron overflow problem in AlGaN 

DUV LEDs using concave quantum barriers (QBs) instead of conventional QBs. These 

concave QB structures are favorable for cooling down the hot electrons before entering 

into the QWs thus achieving lower velocity and mean free path, and resulting in remarkably 

reduced electron leakage. Further, an EBL-free approach is demonstrated to improve the 

performance of the AlGaN DUV LEDs at ~284 nm wavelength. The proposed LED design 

provides the solution for the electron leakage problem and opens a new path for the 

realization of high-power UV light emitters. Next, another III-nitride material-based UV 

LED has been studied which is relatively unexplored though it holds the potentiality and 

optical tuning capability from UV to infrared region. In particular, a detailed study of the 

light extraction efficiency (LEE) of  AlInN nanowires in the UV wavelength range is 

performed using the three-dimensional finite-difference time-domain (FDTD) simulation 

method. Here the improvement in the EQE of AlInN based UV nanowire LEDs is 

demonstrated by enhancing the LEE using a periodic array of nanowires and different 

photonic crystal structures. 

Consequently, resistive switching capabilities of AlN-based resistive random-

access memory (RRAM) devices are investigated and demonstrated in this dissertation. 

The results suggest that AlN-based RRAM devices can be utilized for low power 

applications due to the switching capabilities at a very low compliance current (CC) of 10 

nA. 
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In addition, the high crystalline quality of AlInN nanowire LED structures with 

stable and strong EL emission at ~299 nm peak wavelength is demonstrated. Next, the light 

extraction efficiency of the reported AlInN nanowire LEDs is improved to ~63% using 

photonics crystal structures out of which almost ~60% of the light could be extracted from 

the top surface of the LEDs. Moreover, the switching capability of AlN memory devices 

is demonstrated for the first time for low-power applications in the range of 20 nWatts. 

In conclusion, the work demonstrated in this Ph.D. dissertation has a significant 

contribution to the field of optoelectronic and electronic devices by developing high-

performance light emitters and low-power memory devices.
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INTRODUCTION 

 

1.1 Solid-State Lighting 

Over the last few years, semiconductor light-emitting diodes (LEDs) have become the 

major component of the current solid-state lighting (SSL) technology. With the continuous 

improvement in performance and cost reduction in the last decades, SSL has emerged to 

be a realistic replacement for incandescent and fluorescent lamps for our homes and 

offices. LED light bulbs or lamps can, in principle, be 20 times more efficient than 

incandescent lighting and five times more efficient than florescent lighting [1-3]. In 

incandescent lighting, electric current flows through a tungsten filament to heat it up 

sufficiently enough that it glows. In this process, a substantial amount of input energy or 

power is converted to heat and infrared emission rather than the desired visible light 

emission. Associated with this process is an energy loss of ~90% or more (only about 10% 

of the energy is used to make visible light). 

An alternative to this inefficient incandescent lighting, compact fluorescent lighting 

(CFL), has been on the market for quite some time. But CFL usage has also been limited 

due to toxic mercury-related complexity in their design prototype; it also suffers from 

parasitic energy losses [4]. Furthermore, both incandescent and CFL lighting contribute to 

increased emissions of pollutants such as CO2 and SO2 and nuclear waste [4]. These are 

identified as critical roadblocks for efficient SSL technology. Therefore, there has been a 
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growing demand for low-cost, highly efficient, environment-friendly and phosphor-free (to 

avoid down conversion loss) visible light sources. 

These long-standing critical problems can potentially be solved by adopting 

energy-efficient LEDs. In solid-state LEDs, electrons (from n-type semiconductors) 

recombine radiatively with holes (p-type semiconductors) to emit photons or visible light 

(blue, green, red or white), directly converting electricity into light. Compared with any 

other existing lighting technology, SSL possesses two highly desirable features: (1) it is 

highly energy-efficient with tremendous potential to generate visible light with reduced 

heat generation and much less energy consumption and reduction in carbon emissions; 

(2) it is an extremely versatile light source with many controllable properties including the 

emission spectrum, direction, color temperature, modulation and polarization [5].  

Nowadays, SSL based on LEDs is already commercialized and widely used, for 

example, as traffic signals, large outdoor displays, interior and exterior lighting in aircrafts, 

cars and buses, as bulbs in flashlights and as backlighting for cell phones, liquid-crystal 

displays, radio frequency (RF) electronics, power electronics and many more. The 

beneficial impact of LEDs on the economy, environment and our quality of life is so 

evident and well recognized that the 2014 Nobel Prize in Physics was awarded to the 

inventors of efficient blue LEDs: Isamu Akasaki, Hiroshi Amano and Shuji Nakamura. 

Current energy-efficient, environment-friendly SSL technology largely depends on the 

development of emerging LED technology. 

1.1.1 LED History 

The first, red light-emitting device was developed and demonstrated by Nick Holonyak 

and coworkers at General Electric’s Solid-State Device Research Laboratory in Syracuse, 
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New York, the U.S. in 1962 [6]. This demonstration was based on GaAsP on a GaAs 

substrate. During the time or even earlier, green emission was demonstrated based on GaP 

[7]. Since then, the efficiency of GaP and GaAsP advanced significantly in the 1960s and 

1970s. In the early 1990s, relatively high-efficiency GaAlAsP and AlInGaP LEDs were 

demonstrated with yellow and red emissions. Interestingly, early GaP or GaAsP based 

LEDs showed luminous efficacy of about 0.02 lm/W whereas later GaAlAs(P) based LEDs 

showed luminous efficacy of about 10 lm/W. Finally, current AlInGaP LEDs show 

luminous efficacy of about >150 lm/W. The development of the nitride material system 

(GaN, InN, AlN and their alloys) in the last two decades has enabled efficient light 

emission to expand into the blue and green spectral region.  

Efficient and cost-effective white light emission has been severely limited by 

several factors. First, phosphor-assisted down conversion needs relatively shorter 

wavelength blue LEDs, but existing efficient (at yellow and red spectral regions) GaAlAsP 

and AlInAsP LEDs and/or semi-efficient GaAs and InP based materials cannot emit at such 

a short wavelength range (blue spectral region). The material that enabled the production 

of white light (blue is the high-energy end of the visible spectrum and therefore enables 

the production of white light using blue light plus phosphors). However, the development 

of GaN-based blue LEDs had been limited due to GaN crystal growth/deposition and 

inefficient p-type doping.  

In 1969, Maruska and Tietjen at Radio Corporation of America Laboratories 

(Princeton, New Jersey, USA) demonstrated the successful growth of single-crystal GaN 

film on a sapphire substrate by chemical vapor deposition (CVD) technique [8]. Later, 

Yoshida et al. developed GaN films using an AlN buffer layer on sapphire by reactive 
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molecular beam epitaxy (MBE) in 1983 [9]. A few years later in 1986, Amano et al. 

achieved crack-free GaN films with good surface morphology and crystallinity by growing 

a thin AlN buffer layer on sapphire at low-temperature by using metal-organic chemical 

vapor deposition (MOCVD) [10]. After successful demonstration of high-quality GaN 

films by MBE and MOCVD, in 1989, Amano et al. demonstrated that a low-energy 

electron beam irradiation (LEEBI) treatment in a scanning electron microscope could cause 

a previously highly resistive Mg-doped GaN layer to show distinct p-type conductivity, 

enabling the first GaN p-n junction LED [11]. Later, Nakamura et al. achieved better p-

type GaN films with improved hole concentration and mobility using post thermal 

annealing under an NH3 ambient gas [12]. 

After the successful demonstration of GaN growth and efficient p-type doping, 

Nakamura et al. developed GaN p-n junction blue light LED in 1991 [13]. Although p-n 

junction GaN LEDs showed 10 times higher output power as compared to the conventional 

SiC blue LEDs, it was limited to ~ 42 µW and external quantum efficiency ~0.18% at 430 

nm emission wavelength. Subsequently, Nakamura et al. demonstrated p-GaN/n-InGaN/n-

GaN double-heterostructure blue LEDs in 1993 with improved performance of output 

power of 125 µW and external quantum efficiency of 0.22% [14]. In 1994, Nakamura et 

al. demonstrated commercially available blue LEDs with a p-AlGaN electron blocking 

layer (EBL) where their group demonstrated the output power of 1500 µW and external 

quantum efficiency (EQE) of 2.7% at 450 nm emission wavelength [15]. In 1995, 

Nakamura et al. demonstrated bright blue, green, and yellow emission LEDs with InGaN 

quantum-well (QW) structure [16]. Later, they showed super bright green single quantum 
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well (SQW) LEDs with an output power of 3 mW and EQE of 6.3% at the peak wavelength 

of 520 nm [17]. 

The invention of efficient blue LEDs has enabled a white light source for 

illumination. White light was demonstrated for the first time by combining a blue GaN 

LED with a yellow-emitting phosphor in 1997 [18]. After the successful demonstration of 

LEDs, many corporates’ industries have developed and continued to use GaN-on-sapphire, 

GaN-on-SiC and GaN-on-GaN technologies. 

1.1.2 LED Basics 

The simplest LED structure is a p-n junction, consisting of p-type doped semiconductor 

material connected to a n-type doped semiconductor material to form a diode with a thin 

active region at the junction. The principle for light emission in a p-n junction is illustrated 

in Figure 1.1. The n-type region is rich in negatively charged electrons, while the p-type 

region is rich in positively charged holes. When a voltage is applied to the junction (called 

forward bias), the electrons are ejected from the n-type region and holes are ejected from 

the p-type region across the junction as shown in Figure 1.1(b). When the electrons and 

holes subsequently meet and recombine radiatively, the energy released is given out as 

light with an emission wavelength close to the bandgap of the material incorporated in the 

active region. For high efficiency, a heterojunction (consisting of two semiconductor 

materials with different bandgap) is usually preferred to a homojunction (consisting of 

single semiconductor material) due to better carrier confinement, as shown in Figure 1.1(c), 

i.e., the electrons and holes are spatially confined together in the active region with lower 

bandgap energy, which increases the chance of radiative recombination to produce light. 
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Figure 1.1 A p-n homojunction under (a) equilibrium, (b) forward bias, (c) A p-n 

heterojunction under forward bias. EC, EF and EV are the conduction band, Fermi and 

valence band energy. The filled circle and open circle represent electrons and holes, 

respectively. 

Source: [19] 

 

For most optoelectronics devices such as LEDs, laser diodes, and photodetectors, a 

direct bandgap is essential for efficient device performance. This is because the optical 

emission process in a indirect bandgap semiconductor requires phonons for momentum 

conservation. The involvement of the phonon makes this radiative process much less likely 

to occur in a given timespan, which allows non-radiative processes to effectively compete, 

generating heat rather than light. Therefore, semiconductors with an indirect bandgap are 

not suitable for efficient LEDs [5]. 
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 White LEDs. Traditional LEDs emit monochromatic light. However, white LEDs 

emit polychromatic light. There are several viable approaches to producing white LEDs. 

The first approach is a multi-LED-chip approach in which the light emitted from three LED 

chips emitting the three primary colors (red, green, and blue (RGB)) are mixed to generate 

white light as shown in Figure 1.2(a). In this process, photon down-conversion loss can be 

potentially avoided [20]. However, this process requires a complicated balancing of RGB 

output over the temperature and over the optical lifetime that further requires sophisticated 

optical feedback driver electronics.  

 

Figure 1.2 Different ways of generating white light from GaN LEDs: (a) combination of 

red, green and blue LEDs, (b) UV GaN LED plus three phosphors, and (c) blue GaN LED 

plus yellow phosphor. 

Source: [21] 

 

The second approach is based on using an ultraviolet (UV) or violet LED chip and 

a phosphor that absorbs the UV or violet light and converts it to a broadband white light as 

shown in Figure 1.2(b). This approach suffers from a low efficiency because the down-

conversion of UV or violet light involves a relatively large wavelength shift [20]. The third 

approach is the combination of a blue-LED chip and phosphor converter with the phosphor 
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emitting green and red light as shown in Figure 1.2(c). The blue light from the LED chip 

is partially absorbed by the phosphor while the other part of the blue light is transmitted 

through the phosphor. As a result, the blue, green and red lights together form white light. 

However, the phosphor-converted white light sources have several disadvantages including 

a short lifetime and lower color rendering index value and that makes such devices 

undesirable for indoor use. 

 Ultraviolet LEDs. These days, as the demand for various applications of UV 

light such as sterilization, disinfection, water and air purification, and biological sensors 

increases, the previously used UV sources such as mercury and xenon lamps are found to 

be unsatisfactory as they are bulky, expensive and have a short life time. It has become 

increasingly important to investigate a new advanced technology as a source of UV 

emission for these applications. The UV LEDs are a tunable, long life, and environmentally 

friendly alternative to traditional UV sources [5]. 

1.2 III-Nitride Based LEDs 

Conventional cubic III-V compound semiconductors, such as arsenides and phosphides, 

show a direct-to-indirect bandgap transition towards higher energies. Therefore, high-

efficiency devices can be achieved in the infrared and red-to-yellow visible spectral 

regions, but the efficiency decreases drastically for conventional III-V semiconductors in 

the UV region as the bandgap becomes indirect. 

In contrast, the nitrides have the hexagonal wurtzite structure, and the bandgap 

remains direct across the entire composition range from AlN to InN. Unique to this material 

system is that its energy bandgap can be tuned from the deep UV (~ 6.2 eV for AlN) to the 

near-infrared (~ 0.65 eV for InN) [22]. This makes the group-III nitrides system 
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particularly suitable for LEDs. Although tremendous progress has been made in the III-

nitride materials system, the applications of III-nitride planar devices have been limited 

predominantly because of different challenges, which limit the efficiency of the planar 

devices.  

1.2.1 Challenges in III-nitride Based Thin Film LEDs 

 Polarization fields. III-nitride materials system including InN, GaN, AlN and their 

ternary alloys crystallize in wurtzite and zinc-blende crystal structure. However, compared 

to zinc-blende, thermodynamically stable wurtzite crystal structure with alternating planes 

of metal (Ga, In, Al) and N atoms are preferred for device applications. Due to the large 

electronegativity and small size of N atoms compared to metal atoms, the bonds formed 

between Ga/Al/In and N show polar (large ionicity) characteristics along with the [0001] 

direction. 

As shown in Figure 1.3, each GaN unit cell is defined by the edge length  of the 

basal hexagon, the height c of the hexagonal prism and an internal parameter u as the anion-

cation bond length along the (0001) axis in units of c. Each GaN unit cell contains a charge 

dipole formed due to the spatial separation of negative charge (electron cloud) and positive 

charge (the nuclei). Due to these minute displacements of the electron cloud and positively 

charged nuclei, a surface polarization charge as high as Psp/e ~ 1.8×1013/cm2 was estimated 

for GaN, whereas for AlN, a charge density of ~ 5×1013/cm2 was estimated. Given the sheet 

charge density in semiconductors is ~1015/cm2, roughly one out of 100 atoms can be 

assumed to be contributing to the polarization charge. An electric field of ~1-10 MV/cm is 

associated with these polarization sheet charges [23]. These polar dipoles cancel each other 

in the bulk material yet form negative/positive sheet charges at the surfaces. 
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Wurtzite hexagonal close-packed crystal structures exhibit spontaneous 

polarization, due to the non-centrosymmetric nature of the ions. Conversely, spontaneous 

polarization is negligible in symmetric zinc-blende crystal structures. The Ga atom 

terminated surface (Ga-polar) develops a negative sheet charge, and alternatively, the N 

atoms terminated surface (N-polar) shows a positive sheet charge at the interface. 

 

Figure 1.3 Crystal structure of GaN. 
        Source: [24] 

 

Table 1.1 Effect of Lattice Non-Ideality on the Magnitude of Spontaneous Polarization in 

III-Nitrides 

Material AlN GaN InN 
𝑐0
𝑎0⁄  1.6010 1.6259 1.6116 

Psp (C/m2) -0.081 -0.029 -0.032 

Source: [23]  
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Table 1.2 Piezoelectric Constants of Wurtzite AlN and GaN Used in the Calculations 

Material e31 

(C/m2) 

e33 

(C/m2) 

C13 

(Gpa) 

C33 

(Gpa) 

GaN -0.49 0.73 103 405 

AlN -0.6 1.46 108 373 

Source: [23]  

 

In addition to the spontaneous polarization, there is a net charge (positive or 

negative) due to the piezoelectric polarization at the strained AlGaN/GaN or InGaN/GaN 

heterointerfaces. Such strain-induced piezoelectric polarization can be calculated with the 

piezoelectric constants in Table 1.2 and the following Equation: 

 33 3 31 1 2( )pzP e e  = + +  (1.1) 

Where e31 and e33 are the two components of piezoelectric tensor (in C/m2), ɛ3= (c-

c0)/c0 represents the strain along the c-axis or [0001] direction, and ɛ1= ɛ2= (a-a0)/a0 is the 

in-plane isotropic strain. Here, c0 and a0 are the final out of the plane and in-plane lattice 

parameters of the strained crystal. However, in the wurtzite crystal structure, out of the 

plane and in-plane lattice parameters are related and can be expressed by the following 

Equation: 

 0 13

0
33

2c c c

a ac
c

a

−
= −

−
 (1.2) 

Where C13 and C33 are the in-plane and out-of-plane elastic constants, respectively 

(Table 1.2). By combining Equations. (1.1) and (1.2) the net strain-induced piezoelectric 

polarization along the [0001] can be expressed by the following formula: 

 0 13
31 33

33

2( )
( )pz

a a c
P e e

a c

−
= −  (1.3) 
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As shown in Table 1.2, in wurtzite III-nitrides, e31 is always negative, while e33, c13 

and c33 are always positive, therefore (e31-e33
𝑐13

𝑐33
) will always be a negative number. Hence, 

Ppz in III-N is always negative for layers under tensile stress (a>a0), and positive for layers 

under compressive stress (a < a0) as shown in Table 1.1. However, spontaneous 

polarization, Ps in III-N is always negative. For layers under tensile stress, Ps and Pz are 

parallel to each other and for layers under compressive stress, the two polarizations are 

anti-parallel. This polarization (spontaneous + piezoelectric) charge further leads to a high 

polarization field that is a prerequisite for developing nitride-based high electron mobility 

transistors (HEMTs) and recent polarization engineered tunnel junctions. The charges 

related to piezoelectric polarization arise at the interface of lattice-mismatched materials. 

Piezoelectric polarization associated with large strain at the heterointerfaces leads 

to anion to cation displacement. The piezoelectric polarization field is stronger than the 

spontaneous polarization field in visible InGaN-based LEDs and lasers, and such a strong 

field plays an important role in device performance. These piezoelectric charges and 

resulting large piezoelectric fields (of about 2 MV/cm) have been exploited in many 

devices using III-nitrides. In the InGaN/GaN-based LEDs, this piezoelectric polarization 

becomes more problematic since it largely facilitates electron escape from the active region 

to the p-side region. As shown in Figure 1.4, polarization-induced sheet charge-related 

band bending in the InGaN/GaN active region favors electron leakage or overflow from 

the active region reducing radiative recombination. 
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Figure 1.4 (a) Effect of spontaneous and piezoelectric polarization on the band diagram of 

InGaN/GaN multi quantum wells (MQW), (b) and (c) origin of negative and positive sheet 

charges at the EBL and at the last GaN barrier layer. 

Source: [25] 

 

This electron leakage further leads to the efficiency droop problem [25]. 

Furthermore, the presence of the polarization field in InGaN/GaN multi-quantum wells 

(MQW) causes the quantum confined stark effect (QCSE) that reduces the overlap 

potential (spatial separation) of electron and hole (band bending in the opposite direction) 

wave function in the LED active region [26, 27]. This QCSE effect reduces the radiative 

recombination probability and leads to increased carrier loss and degrades the overall 

performance of the LED [27]. 

 Defects and dislocations. The large lattice mismatch between the nitride-based 

materials and the substrates such as sapphire, SiC and Si generally leads to the generation 

of very large crystalline defect densities in LED heterostructures. These defects include 

unwanted foreign atoms, native defects [28, 29], and any complexes of defects, foreign 

atoms, or dislocations [19]. All such defects have energy level structures that are different  
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from substitutional semiconductor atoms. It is quite common for such defects to form one 

or several energy levels within the forbidden gap of the semiconductor and these are a good 

source of non-radiative recombination. The resulting non-radiative recombination at these 

defect energy levels is called as the Shockley-Read-Hall (SRH) non-radiative 

recombination and these can significantly degrade the device efficiency. Frequently, 

defects group into clusters of defects or extended defects. Such extended defects are, for 

example, threading dislocations and misfit dislocations generated in the layers grown 

epitaxially on the substrate due to lattice mismatch. The dislocation density for GaN based 

heterostructures is typically reported in range of ~108 to 1010 cm-2 [30-33]. If we assume 

unity electrical injection efficiency, the internal quantum efficiency (ηi) is typically 

modeled by the ABC model: 

 

2

2 3 ( )
i
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+ + +
 (1.4) 

 

In Equation (1.4), N represents the carrier density and A, B, and C are the SRH 

nonradiative recombination, radiative recombination, and Auger recombination 

coefficients, respectively. f(N) represents the carrier leakage outside of the active region 

[34, 35]. Based on the above ABC model, parameter A is related to the crystal defects 

which generally influence the maximum achievable efficiency [1]. Therefore, it is crucial 

to reduce the lattice mismatch of LEDs and minimize the performance degradation in the 

optical and electrical performance of these devices. 
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 Auger recombination. Another important non-radiative recombination 

mechanism is Auger recombination. In this process, the energy becoming available through 

electron-hole recombination (approximately Eg), is dissipated by the excitation of a free-

electron high into the conduction band, or by a hole deeply excited into the valence band 

[19]. The excited carrier can subsequently release its energy thermally and relax to the band 

edge. The Auger recombination rate is typically higher for narrow bandgap semiconductor 

materials as compared to the wide bandgap semiconductor materials. The expected Auger 

recombination coefficient in GaN (bandgap ~ 3.4 eV) is ~ 10-34 cm6s-1 [36], whereas for 

InGaN alloys, its reported to be much higher (in the range of ~ 10-30 cm6s-1) [37-39]. In the 

ABC model as well, if we neglect other effects, evidently, efficiency droop can increase as 

the Auger coefficient C becomes larger. 

 Electron overflow. Electron overflow refers to the leakage or flow of electrons 

from the active region without being captured or radiatively recombined in the active 

region. This is also one of the major problems causing efficiency droop in III-nitride LEDs. 

One of the primary reasons for electron overflow is the reduction of the energy barrier due 

to the built-in polarization field [40]. The polarization field causes the band energy to tilt, 

which results in the separation of electrons and holes. Because of this, carrier 

recombination is also reduced. The overflowed electrons can recombine with holes in the 

p-GaN region before the holes can reach the active region, resulting in the degradation of 

radiative recombination in the active region [1]. In this context a large bandgap material. 

i.e., AlGaN EBL is often incorporated between the last quantum well and the p-GaN region 

to reduce the electron leakage [41, 42].  However, a high Al content-based EBL may form 

a high barrier, resulting in the further reduction of hole injection in the LED active region. 
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Also, at relatively high carrier injection, EBL usually cannot completely block the electron 

overflow in GaN LEDs and as a result, causes the efficiency droop in the devices. In dot-

in-a-wire QDs structures, it was proposed that the optimum quantum efficiency is limited 

by electron leakage rather than Auger recombination. By incorporating a p-doped large 

bandgap AlGaN (low Al%) EBL, Nguyen et al. improved the efficiency droop significantly 

[41]. 

 Poor hole injection and transportation efficiency.  Hole injection and 

transportation in the active region is Hole injection and transportation in the active region 

is highly inefficient due to the heavy effective mass and low mobility [43]. Due to this, 

injected holes are located mostly close to the quantum wells or dots close to the p-side and 

hole concentration is significantly reduced toward the n-doped GaN side. Therefore, 

reasonable photon emission is delivered from the quantum wells or dots close to the p-side 

only. Conversely, electrons have lower effective mass, due to which electron distribution 

is expected to be more uniform across the quantum well [43]. The typical electron mobility 

in AlGaN based optoelectronic devices is ~ 200 cm2/V-sec or more and a high 

concentration of electron carriers is readily achievable due to high ionization efficiency 

and low ionization energy. However, holes in GaN typically have ~ 20 times lower mobility 

than electrons i.e., 10 cm2/V.sec, due to the large p-type dopant (Mg) ionization energy. 

This non-uniform flow causes electron overflow and Auger recombination and reduces 

radiative recombination. Some solutions have been suggested to overcome this problem 

such as the p-doped active region. The hole concentration uniformity has been improved 

by varying the barrier thickness [44, 45].   
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 Inefficient p-type doping. When GaN film was first demonstrated using MBE 

and MOCVD methods by Yoshida et al. in 1983[9, 10], it was found to be unintentionally 

n-type doped due to the presence of oxygen vacancies and nitrogen vacancies. After that, 

many efforts have been put to develop p-type GaN using Mg doping via different methods. 

In 1989, Amano et al. first demonstrated Mg-doped p-type GaN by post-growth LEEBI 

treatment where he demonstrated the measured hole concentration and mobility to be ~ 2× 

1016 cm-3 and 8 cm2/V.s., respectively [11].  

In 1992, Nakamura et al. demonstrated p-doped GaN films using NH3 free post 

thermal annealing in N2 ambient and measured hole concentration and mobility to be 

3×1017 cm-3 and 10 cm2/V.s. Nakamura explained after this study that, in environments 

containing NH3, atomic hydrogen (NH3 dissociation) as interstitial defects impedes the 

activation of Mg acceptors by forming Mg-H complexes and in conventional MOCVD 

GaN growth, Mg dopant activation was hindered because of this [46]. In the post-growth 

treatment in N2 ambient, Hydrogen atoms were dissociated and removed from complex 

Mg-H [12]. Still, p-type doping density is low (~1017 cm-3) in conventional MOCVD 

growth techniques due to the high ionization energy of holes (~170 meV) [47]. Later 

Bhattacharya et al. have successfully demonstrated low-temperature growth of p-doped 

GaN in nitrogen-rich plasma-assisted molecular beam epitaxy (PAMBE) and achieved a 

doping density as high as ~ 2×1018 cm-3 [48]. In MBE growth, electrically active hole 

concentrations in GaN have been limited to a low range (~1018 cm-3) with a doping 

efficiency of ~5%. Such a low doping efficiency is due to the high activation energy of Mg 

acceptor level, lower solubility, and compensation from defects present in the structure. 
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Current lighting technology still relies on the efficient activation of the p-type Mg dopants 

in GaN by forming shallow acceptor levels in GaN. 

 Highly resistive p-Al(Ga)N contact. To make perfect ohmic contact with a 

p-type semiconductor, ideally, the metal work function must be greater than the 

semiconductor work function. GaN also has a large bandgap (~3.4eV) and electron affinity 

(~4.1 eV), and the p-GaN work function can be as high as ~ 7.5eV. Therefore, it is 

challenging to make an ohmic contact using existing low work function metals. 

1.2.2 III-Nitride Nanowire LEDs 

Commercially available III-nitride planar devices are mostly grown on expensive sapphire 

or SiC substrates and applications of these planar devices are limited because of all the 

above-mentioned challenges. To this end, III-nitride nanowires can potentially mitigate 

some of the problems associated with current nitride planar devices. 

 Motivation and current status. III-nitride nanowires in the form of wurtzite 

crystal (growth direction c-axis, <0001>) structure grow vertically, perpendicular to the 

substrates. It shows a unique tendency to relax the strain through the free sidewalls (m-

planes) even though significantly lattice-mismatched heterostructures are formed [49, 50]. 

Nanowire LEDs can be grown spontaneously using MBE on low-cost, CMOS compatible 

Si substrate with much-reduced defect densities [51, 52]. Selective area growth is another 

method to achieve nanowire LEDs with well-defined positions and sizes [53]. The emission 

characteristics of nanowire LEDs grown by the selective area method can be controlled by 

the position and size of the nanowire array on pre-patterned substrates.  

Nanowire LEDs offer an efficient light emission across nearly the entire visible 

spectral range. The different In composition in InGaN/GaN active regions lead to the 
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different color emissions. White light LEDs can be achieved by mixing multiple color 

emissions from a single nanowire [54]. The nanowire structure, having a high surface-to-

volume ratio, offers more area for the photons to escape. This results in a higher light 

extraction which will be described later. Further, to these potential benefits, due to their 

small size, III-nitride nanowires hold tremendous promise for integration in state-of-the-

art optoelectronic and electronic applications. Although the large surface-to-volume ratio 

of nanowires is advantageous for high light extraction efficiency (LEE), it also causes a 

high density of surface states. The defect states are introduced in the forbidden bandgap of 

the semiconductor due to the termination of the crystal structure periodicity at the surface. 

The performance of a nanowire is limited by the surface states, which can reduce the carrier 

injection efficiency by capturing carriers from the active region [55]. Currently, EQE and 

LEE of III-nitride nanowire LEDs have some drawbacks and need to be properly improved.  

1.3 Light Extraction Efficiency 

Generally, the output power of LEDs is defined by the EQE of the device, which is 

determined by the LEE together with the internal quantum efficiency (IQE), described 

previously. To date, however, the LED device performance is severely limited by the low 

EQE. In the case of planar LEDs, the light extraction is significantly reduced by the total 

internal reflection, due to the refractive index contrast between the semiconductor material 

and the air. Recently, various techniques have been developed to increase the LEE, 

including chip shaping [56], surface roughness [57, 58], patterned sapphire substrate [58], 

photonic crystal structures [59], graded refractive index material [60], and surface plasmon 

resonance [61]. The basic principle behind these approaches is to increase the escape cone 

by expanding the escape surface, or to enable multiple photon entry into the escape cone 

by surface roughening. 
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The nanowire structure, having a high surface-to-volume ratio, offers more area for 

the photons to escape, resulting in a reduction in the total internal reflection. The LEE can 

be enhanced by guiding the photons towards the nanowire surface. However, in the deep 

UV LEDs, EQE remains significantly lower than that of the visible LEDs. 

The valence band profile of GaN and AlN present different band orders. Although 

Transverse Electric (TE) emission, perpendicular to the c-axis (E ⊥ c), is dominant in 

GaN-based visible LEDs, the portion of Transverse Magnetic (TM) emission, parallel to 

the c-axis (E || c), in AlGaN based UV LEDs increases significantly with the higher Al 

composition [62], due to the different band structures of the AlN and GaN at the Г-point 

of the Brillouin zone. For the ternary compound AlxGa1-xN, the polarization of the emitted 

light changes from TE to TM with increasing Al composition. As TM emission gets 

dominant, it largely prevents light extraction from the top surfaces. For AlGaN LEDs, TM 

emission becomes dominant for ~ 280 nm or shorter wavelengths. In this case, light can 

only propagate in-plane and cannot escape from the large area top surface and causes the 

LEE to be ~10%, or less in the deep UV wavelength range [63]. By careful design of the 

nanowires, considering several design parameters such as the nanowire diameter, spacing 

and thickness of the surface passivation layer [64], LEE of ~ 70% is achievable [59]. 

1.4 Numerical Simulation Methods 

The optical and electrical properties of GaN LEDs, including the output power, the electron 

and hole distributions, and the electric mode profile are numerically calculated using 

different simulation tools and models. Finite Difference Time Domain (FDTD) has been 

successfully applied to optimize the design of the nanowire LEDs and calculated the 

Poynting vectors to determine the light extraction efficiency of GaN LEDs. Further studies 
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on the unique characteristics of nanowire LEDs are performed using the advanced LED 

device simulation software Advanced Physical Models of Semiconductor Devices 

(APSYS) by simulating the energy band diagram and carrier distribution in the device 

active region. Using APSYS, critical parameters related to the device performance can be 

calculated, which includes energy band diagram, wave functions, carrier distribution, 

electron overflow, recombination rate of various processes, power, etc. 

1.5 Organization of Dissertation 

This dissertation focuses on improving the performance of nanowire-based LEDs in the 

visible and UV regions by studying the optical and electrical characteristics intensively. 

Moreover, the III-nitride-based resistive random-access memory (RRAM) is studied to 

understand the switching capability of III-nitride materials. Chapter 1 provides an overview 

of LEDs where the need of III-nitride LEDs along with the challenges in the III-nitride-

based planar LEDs are presented. The advantages of III-N nanowire LEDs as compared to 

planar LEDs are described. Additionally, the current status of the nanowire LEDs is 

presented. Further, an overview of the theoretical methods utilized for the simulation is 

included. 

The improvement in the performance of phosphor-free InGaN/GaN-based white 

light nanowire LEDs is demonstrated by replacing the EBL with coupled quantum wells in 

Chapter 2. The light output power and EQE of white LEDs were increased and efficiency 

droop was reduced due to a significant reduction of electron overflow.  

In Chapters 3, 4, and 5 electron leakage problem, a primary reason for efficiency 

droop in deep-UV LEDs is addressed by engineering the LED structures. In Chapter 3, the 

electron leakage problem is addressed by engineering the EBL, whereas in Chapter 4, the 
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concave quantum barriers (QBs) are introduced to overcome this problem. In Chapter 5, 

an EBL-free AlGaN deep UV LED structure is designed using graded staircase QBs instead 

of conventional QBs without affecting the hole injection efficiency. As a result, all three 

structures reduce the electron leakage to the p-GaN region and improve the device 

performance by enhancing the radiative recombination in the active region.    

In Chapter 6, the high crystalline quality of AlInN nanowire LED structures with 

stable and strong EL emission in the UVB region is demonstrated. Further, an improved 

LEE for these LEDs is demonstrated using different photonic crystal structures.   

In Chapter 7, III-nitride, particularly AlN-based RRAM devices are studied to 

analyze the switching capability of AlN for different device sizes and various thicknesses 

of the AlN layers. 

Finally, Chapter 8 presents the conclusion and future outlook of this dissertation.  
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HIGH-PERFORMANCE InGaN/GaN NANOWIRE WHITE LIGHT-

EMITTING DIODES WITHOUT AN ELECTRON-BLOCKING LAYER 

2.1 Introduction 

InGaN compound semiconductor alloys have been intensively studied for SSL technology. 

InGaN-based white color LEDs (white-LEDs) have attracted great attention because of 

their tremendous energy saving potentials [4, 65], well suitable for liquid crystal displays 

[66, 67] and lighting. Typically, white LEDs can be created with the combination of 

discrete monochromatic LEDs [68], and color rendering can be controlled by their light 

mixing. One main approach for white LEDs is based on phosphor conversion [69], 

typically realized by the luminescence down conversion using phosphor converters such 

as cerium-doped yttrium aluminum garnet. The conversion efficiency of phosphor-based 

white LEDs is typically poor due to the Stokes effect. 

As compared to the conventional planar structures, III-nitride nanowires exhibit 

significant advantages including greatly reduced dislocation densities and polarization 

fields, due to the effective lateral stress relaxation. Additionally, nanowire LED with the 

incorporation of quantum dots (QDs)/disks in the active region lead to high efficiency with 

tunable emission [70, 71]. However, nanowire LEDs still contain several challenges for 

further improving the quantum efficiency and light output power, which may include the 

inefficient carrier confinement in the active region, nonuniform carrier distribution [72], 

electron overflow [41], and the presence of large densities of states and defects along the 

wire lateral surfaces [73]. Recently, the presence of electron overflow and its effect on the 

nanowire LED performance are addressed [41]. It is understood that at high injection 
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current levels, one of the primary reasons for the efficiency droop is electron overflow and 

it strongly influences the output characteristics of white LEDs. For the emerging nanowire 

LED technologies, the device performance is more susceptible to carrier leakage/electron 

overflow than those based on conventional planar heterostructures, due to very large 

surface-to-volume ratios. Recent research shows the role of carrier leakage and electron 

overflow in the efficiency droop of GaN planar LEDs [74]. It is even worse in nanowire 

ones due to highly non-uniform Indium distribution along the lateral dimension and 

consequently flowing the current in the near-surface GaN region. Due to the heavy 

effective mass and small mobility, the hole injection in the InGaN/GaN nanowire 

heterostructures is highly non-uniform. The holes reside close to the p-doped GaN layer, 

while electrons have a relatively uniform distribution in the active region. Auger 

recombination and electron overflow are enhanced by highly non-uniform carrier 

distribution, and consequently adversely affect the device performance. Non-radiative 

recombination occurs in p-type GaN region due to the recombination of inefficient holes 

injected and electron leakage.  

Recently, some different methods were proposed to prevent electron overflow, 

including p-type modulation-doped active region to enhance the hole transport, thin InGaN 

barrier [75], inserting a p-type AlGaN layer between the p-type GaN layer and active region 

known as an EBL [76]. However, p-type AlGaN with a high Al content may form a high 

barrier and positive sheet polarization charges at the heterointerface of the last QB/EBL 

[77, 78], resulting in the low hole injection into the LED active region. To reduce electron 

overflow without using an AlGaN EBL, it is obvious that the electron should be slowed 

down before injecting it to the active region. The structure with stepwise increased In 
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composition was utilized between the n-side and the active region of LED to reduce the 

electron overflow [79]. Inserting a layer with the lower In composition reduces the kinetic 

energy and velocity of the injected electron. Moreover, by inserting this layer before the 

active region, hot electrons are thermalized by interacting with longitudinal optical (LO) 

phonons [80]. In this context, a new method is proposed which utilizes InGaN quantum 

well between the QD active region and n-GaN to reduce electron overflow. Incorporating 

different compositions of InGaN QDs results in an intrinsic white LED. The blue, green 

and red light from self-organized QDs incorporated in a single GaN nanowire with various 

In compositions emit stable white light emission. A detailed study has been performed, 

both theoretically and experimentally, of electron overflow in InGaN/GaN dot-in-a-wire 

white LEDs, wherein an InGaN well is incorporated between n-GaN and device active 

region to effectively control electron overflow. Furthermore, to utilize the electrons 

escaped from the active region, a second InGaN quantum well is employed between the 

active region and p-GaN to reduce electron loss to the p-GaN and contribute blue light 

emission to relatively control the white light emission from the LED device. Consequently, 

high internal quantum efficiency InGaN/GaN nanowire LEDs of 58.5% with stable white-

light emission was demonstrated. 
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2.2 Device Design and Simulation 

The effect of coupled quantum wells incorporated in InGaN/GaN white LEDs is studied 

using Crosslight APSYS 2018 simulation software. For this study, a total of three 

InGaN/GaN nanowire LED structures are considered, schematically illustrated in Figure 

2.1. The first device is denoted as LED1, consists of a 200 nm thick n-GaN nanowire 

template, 10 MQWs of 3 nm GaN QB/ 3 nm InGaN QW in the active region and a 100 nm 

thick p-GaN. The second structure is denoted as LED2, has a similar structure as LED1 

except that an EBL of 10 nm thick p-doped Al0.1Ga0.9N is introduced in between the active 

region and p-GaN layer. Finally, the proposed structure, LED3 has the same structure as 

LED1, but with an extra 30 nm thick n-doped In0.20Ga0.8N layer incorporated in between 

the n-GaN template and the active region. Moreover, it has an extra 10 nm thick p-doped 

In0.2Ga0.8N quantum well in between the active region and p-GaN layer. 

Figure 2.1 Schematic structures of (a) LED1, (b) LED2, and (c) LED3. 

 

The n-doped QW incorporated before the active region helps to control the electron 

transportation into the active region. Detailed studies further confirm that the InGaN QW 

can significantly reduce electron overflow through the near-surface GaN region. Compared 
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to the commonly used AlGaN EBL between the device active region and p-GaN, the 

incorporation of a suitable p-doped InGaN quantum well between p-GaN and the active 

region does not adversely affect the hole injection process. Moreover, the overflowed 

electrons from the active region can be utilized by p-doped QW to recombine with holes 

and contribute to white light emission. As the electron effective masses are much lighter 

than those of holes and consequently have higher thermal velocities, some electrons are 

not captured and recombine in the active layer and resulting in efficiency reduction. To 

increase the efficiency of the proposed LED structure, the capture rates for electrons and 

holes in the active layer should be accelerated. The first quantum well which is closed to 

the n-GaN segment is employed to control electron flow in the active region while another 

is used to utilize electron leakage out of the active region for the blue light emission. The 

n-GaN section as an electron emitter is coupled to the active region via a barrier. Electron 

current flows from the n-GaN section into the electron injector QW which acts as a current 

spreading layer, then electrons tunnel through the barrier into the active region and 

recombine with the holes. The electron injector QW suppresses the electron leakage into 

the p-GaN segment and eliminates the undesired light generated outside the active region.  

Figures 2.2(a) and (b) present the distribution of electron and hole concentrations 

across the device structures, respectively. Figure 2.2(c) shows the radiative recombination 

rates in different LED structures at 750 A/cm2. It is consistent with the previous findings 

that in typical MQWs active region based InGaN/GaN LEDs, both electrons and holes 

concentrations are high in the QW closest to the p-doped region and dominant radiative 

recombination also occurs therein [77]. In the case of LED2, EBL mitigates the electron 

overflow into the p-region up to some extent and carrier concentration in the active region 
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is slightly higher compared to LED1. However, in the case of LED3, the n-doped QW is 

able to trap the electrons which leads to slower electron flow and can be observed from 

Figure 2.2(a). Moreover, in this LED, the carrier transportation is controlled by both QWs 

and leads to having additional radiative recombination in these QWs along with the active 

region as shown in Figure 2.2(c). The total radiative recombination of LED3 is 

6.33×1030/cm3s which is higher than other LEDs as the total radiative recombination of 

LED1, and LED2 are 4.59×1030/cm3s, and 5.74×1030/cm3s, respectively.  

 

Figure 2.2 (a) Electron concentration, (b) hole concentration, (c) radiative recombination 

of different simulated LED structures. 

 

It is well known that in nitride-based LEDs, electrons have relatively low effective 

mass as compared to holes and thus very high mobility and insufficient carrier confinement 

capability of QW barriers [81] cause electrons to easily escape from the QW active region 

and enter the p-type region. To estimate the electron leakage current, the electron current 

density of LEDs is calculated and is shown in Figure 2.3(a). LED3 has less electron leakage 

from the active region compared to other devices, which supports the above-mentioned 

results. Hence consumption of holes in the p-region is reduced due to less electron overflow 

into the p-region that enhances the hole injection efficiency into the active region, which 

can be understood from Figure 2.3(b). Due to the reduction of electron overflow and 
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improvement of hole injection efficiency in the case of electronically coupled quantum 

well LED (LED3), the IQE and output power are also improved compared to other cases 

and shown in Figures 2.3(c) and 2.3(d). 

 

Figure 2.3 Normalized (a) electron current density, (b) hole current density, (c) internal 

quantum efficiency, (d) L-I characteristics of different simulated LED structures. 

2.3 Theoretical Model 

The detailed mechanisms of the InGaN coupled quantum wells on the improvement of the 

LED performance are theoretically investigated through the mean free path (lMFP) model. 

For this study, LED1 and LED3 are considered. The schematics of the energy band 

diagrams of LED1 and LED3 are depicted in Figures. 2.4(a) and 2.4(b), respectively, along 

with four electron transport processes in the active region. Illustrated in Figure 2.4, the 

incoming electrons are scattered and fall into the quantum wells denoted by process 1. 
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Some of those fallen electrons recombine with the holes radiatively as well as with the 

crystal defects as depicted by process 2, while remaining electrons escape from the QWs 

and become free again as illustrated by process 3. In addition, some electrons with longer 

lMFP travel to a remote position without being captured by the quantum wells as depicted 

by process 4. The lMFP of these electrons needs to be reduced so that the carrier 

concentration in the QWs would be increased that would favor the higher radiative 

recombination rate in the active region by reducing the electron overflow. Here, we have 

considered the total number of electrons injected into the n-GaN region to be N0 for both 

LED structures. 

 

Figure 2.4 Schematic energy band diagrams for (a) LED1 and (b) LED2. 

 

For the simplicity of the model, electron loss through non-radiative recombination 

is neglected. Also, the hole concentration in the n-InGaN layer between n-GaN and active 
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region in the case of LED3 is much lower than the electron concentration, so the electron 

loss through radiative recombination with holes is also negligible. It is assumed that out of 

No electrons, N2 electrons captured by the first extra QW undergo thermalization with LO 

phonon emission, while remaining electrons denoted as N1, directly travel over the extra 

QW layer without undergoing thermalization. The captured electrons in the quantum wells 

are correlated with the electron lMFP [82]. To increase the number of the quantum well-

captured electrons, the electron lMFP within the InGaN/GaN MQWs region must be 

reduced. To understand the working mechanism of the extra QW before the active region 

in LED3 in reducing lMFP, electron lMFP in both the LEDs are calculated, which is a function 

of thermal velocity (vth) and the scattering time (τsc) set to 0.0091ps [83, 84], as shown in 

Equation (2.1). vth can be further expressed as shown in Equation (2.2). For LED3 with an 

extra QW n-InGaN before the active region, the expression for vth will be as shown in 

Equation (2.3). 

 MFP th scl v =   (1.5) 

 
2 [ ] /th ev E m= 

 (1.6) 

          _ 2 [ ] / ]th eQW c LO c ev E E qV E m=  + + − −   

 2 [ ] / ]LO eE qV m=  + −  (1.7) 

In Equations (2.2) and (2.3), E represents the energy of the electron before getting 

into the QW i.e., electron energy in the n-GaN layer, me is the effective mass of electrons. 

-ℏωLo means the energy loss by phonon emission, qV is the work done to the electrons by 

the polarization induced electric field in the extra QW. The first 𝛥𝐸𝑐 in Equation (2.3) 

represents the kinetic energy received by the electrons when jumping over the conduction 
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band offset between n-GaN and n-In0.2Ga0.8N extra QW and −𝛥𝐸𝑐 represents the energy 

loss by the electrons when climbing over the conduction band offset between n-In0.2Ga0.8N 

and the GaN layer. Here it is assumed that the thermionic emission process dominates over 

the intra-band tunneling during the electrons transport into the active region, thus 𝛥𝐸𝑐 can 

be eliminated, as shown in Equation (2.3). The energy loss through LO phonon emission 

i.e., -ℏωLo is considered to be 92 meV [85] and qV = ∫ 𝑞 × 𝐸(𝑦)𝑑𝑦
𝑡𝑒𝑄𝑊
0

 is calculated from 

the electric field as shown in Figure 2.5. Value of qV is found to be 47 meV. To understand 

the effect of extra QW to reduce the electron MFP, it can be understood from Equations 

(2.2) and (2.3) that 𝐸 + 𝑞𝑉 − ℏ𝜔𝐿𝑂 < E. As qV is 47 meV and ℏωLo is 92 meV, overall 

𝐸 + 𝑞𝑉 − ℏ𝜔𝐿𝑂 < E due to which vth_eQW < vth and lMFP_eQW < lMFP. This shows that the 

extra quantum well before the active region has a significant effect in reducing the electron 

lMFP in the active region, and consequently increasing capture efficiency of electrons in the 

QW and reducing the possibility of electron leakage as shown in Figure 2.3 (a) above.  

 

Figure 2.5 Calculated electric field as a function of position within the n-InGaN layer at 

900 mA. 
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2.4 Molecular Beam Epitaxial Growth of InGaN/GaN Nanowire Heterostructures on 

Si (111) and Fabrication 

The experiment throughout this study was designed according to the results obtained from 

the simulation. Vertically aligned InGaN/GaN dot-in-a-wire heterostructures, illustrated in 

Figure 2.1, were grown on Si (111) substrates by radio-frequency Veeco Gen II MBE under 

nitrogen-rich conditions. GaN nanowires were grown at ~ 730°C; nitrogen flow rate was 

kept at 1 sccm with a forward plasma power of ~ 350W. The grown nanowires are 

vertically aligned to the substrate and exhibit uniform height. The device's active region 

contains ten InGaN/GaN QDs which were grown at relatively lower temperatures (550–

600°C) to enhance In incorporation in the dots. InGaN QD thickness is ~ 3 nm and capped 

by ~ 3 nm GaN layer. For LED2, the AlGaN EBL layer was grown at 800oC with the same 

conditions of plasma power and nitrogen flow rate as that for LED1. For LED3, the device 

active region is sandwiched by two InGaN/GaN quantum wells which were grown at 630oC 

to control electron flow in the active region and utilize electron leakage out of the active 

region for the blue light emission. As shown in Figure 2.6(a), a 45o tilted scanning electron 

microscopy (SEM) image of the LED3 grown on Si (111), the wire diameters and densities 

are in the range of 60 nm to 100 nm and ~1×1010 cm-2, respectively. The scanning 

transmission electron microscope (STEM) (inset in Figure 2.6(b)) clearly shows two 

InGaN quantum wells and ten QDs in the device active region. The scanning electron 

dispersive spectra of the red line in the inset were shown in Figure 2.6(b), and the 

distribution of indium in quantum wells and ten dots were confirmed. Strong 

photoluminescence (PL) intensity has been measured for these nanowire LEDs as shown 

in Figure 2.7(a). The peak emission wavelength at ~430 nm originates due to the emission 
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from the electronically coupled quantum wells while the emission peak at ~550 nm 

corresponds to the emission from the QD active region. 

 
Figure 2.6 (a) 45o tilted SEM image of LED3 on Si substrate. (b) annular dark-field STEM 

image and EDXS signals for In and Ga of LED3. 

 

The nanowire LED fabrication process includes the following steps. First, a 

polyimide resist was spin-coated to fully cover the nanowires, followed by O2 plasma 

etching process to expose the top portion of nanowires. Thin Ni(5nm)/Au(5nm) and 

Ti(20nm)/Au(120nm) layers were deposited on the nanowire surface and backside of the 

Si substrate, respectively. A 200 nm indium tin oxide (ITO) layer was coated on the device 

top surface to serve as a transparent electrode and current spreading layer. The fabricated 

devices with Ti/Au and Ni/Au contacts were annealed at 500oC for 1 min in a nitrogen 

ambient, while the complete devices with ITO contacts were annealed at 300oC for 1 hour 

in a vacuum. The device area is ~ 300×300 µm2. 
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Figure 2.7 (a) Normalized photoluminescence spectra of four LEDs measured at 300K.  

(b) room temperature electroluminescence spectra of LED1 measured at different injection 

currents. (c) room temperature electroluminescence spectra of LED3 measured at different 

injection currents. 

 

Figures 2.7(b) and 2.7(c) shows the normalized electroluminescence (EL) spectra 

of LED1 and LED3 under various injection currents, respectively. The peak at ~550 nm 

related to the emission from the QD active region well coincides with the 

photoluminescence results shown in Figure 2.7(a). It is obvious that the emission at ~430 

nm becomes progressively stronger with increasing current due to the carrier 

recombination in the InGaN/GaN QWs at a higher current. This shows the role of 

InGaN/GaN QWs in emission characteristics of the LED; at higher current, more injected 

electrons can escape from the QD active region and have more chance to recombine with 

holes in InGaN/GaN QWs. The electroluminescence spectra cover the whole visible range 

and show the balanced RGB distribution. Under the different applied currents, the 

spectroscopic shape is slightly changed, exhibiting acceptable stability. Experimentally, 

we have also demonstrated electron overflow can be effectively controlled in those 

nanowire LEDs. In addition, a blue-emitting InGaN quantum well is incorporated between 

the QD active region and p-GaN, wherein electrons escaping the device active region can 
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recombine with holes to contribute to white-light emission. The resulting device exhibits 

highly stable emission characteristics, illustrated in Figure 2.7(c) which is for LED3. 

Figure 2.8 (a) Room temperature current-voltage curve of LED3. (b) Light-current curves 

measured for LED1 and LED3 at room temperature. (c) Normalized EQEs measured for 

LED1 and LED3 at room temperature.  

 

The fabricated LED3 devices exhibit excellent current-voltage characteristics with 

a very small leakage current which is just ~8 µA at -6 V, presented in Figure 2.8(a) which 

is for LED3. The output powers of LED1, LED2 and LED3 are shown in Figure 2.8(b). It 

is seen that LED3 demonstrates the highest output power which agrees well with the 

simulation results presented in Figure 2.3(d). Moreover, no efficiency droop was observed 

in LED3 up to injection current density of 1000 A/cm2, shown in Figure 2.8(c). In addition, 

shown in Figure 2.9, the IQE of LED3 was measured to be ~ 58.5% by comparing the PL 

intensity of this LED at 300K and 10K by assuming that the emission of the LED at 10K 

is unity. The loss mechanism in this LED is further studied by using ABF model which is 

described by Equation (2.4). 

 

2

2 ( )i
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where N, A, B and 𝑓(𝑁) are the carrier density of the active region, the SRH 

nonradiative recombination, radiative recombination coefficients, and other higher-order 

effects such as Auger recombination and carrier leakage outside of the active region, 

respectively [34, 35]. The values of A, B, and C are calculated as 2.9×108 s-1,  

5×10-10 cm3s-1, and 1×10-35 cm6s-1 at 300K, respectively. These values agree well with 

those calculated for other nanowire LEDs, previously proposed [41]; compared to that 

LED, the value of C is smaller which confirms the drastic reduction of electron overflow 

by the electron injector quantum well. 

Figure 2.9 Internal quantum efficiency of LED3 and its fitting curve (black square) using 

ABF model. 

 

The quantum efficiency of proposed LEDs reaches its peak value at significantly 

higher current densities ~300A/cm2, compared to that of conventional InGaN/GaN 

quantum well blue-emitting LEDs ~20A/cm2 [86, 87]. Nonradiative surface recombination 

caused by the very large surface-to-volume ratio of nanowires results in a higher SRH 

recombination coefficient as compared to InGaN/GaN quantum well blue-emitting LEDs 

[38, 39]. 
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2.5 Conclusion 

In summary, we have demonstrated highly efficient and truly white LEDs using 

InGaN/GaN dot-in-a-wire structure with the usage of two additional InGaN quantum wells. 

The coupled n-InGaN QW incorporated between the n-GaN and active region improves 

the electron capture efficiency in the multiple quantum wells by reducing lMFP after 

electrons undergo thermalization by phonon emission in the n-InGaN QW. Further, the p-

InGaN after the active region captures the leaked electrons and contributes to the white 

light emission by radiatively recombining with the holes. In conclusion, using the coupled 

InGaN quantum wells allows reducing electron leakage into the p-GaN segment, enhancing 

the electron capture into the active region and eliminating the undesired light generated 

outside the active region; consequently, increasing the efficiency of the InGaN/GaN dot-

in-a-wire LEDs with remarkably stable white-light emission. 
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ENGINEERING THE ELECTRON-BLOCKING LAYER FOR AlGaN DEEP-

ULTRAVIOLET LIGHT-EMITTING DIODES 

 

3.1 Introduction 

AlGaN UV-LEDs have been explored extensively due to the possibility of several 

applications including water purification, food/air sterilization, biochemical detection, 

analytical sensing, polymer curing, phototherapy and others [88-90]. These LEDs exhibit 

many advantages including compact in size, low power consumption, long-lifetime, very 

quick response time, optical tunability across the entire UV region, non-toxic material 

composition, making them a potential alternative candidate to the traditional bulky and 

toxic mercury-based UV-light sources [91, 92]. Though AlGaN UV LEDs are well studied, 

their performance in terms of optical output power and efficiency in deep UV regime 

(wavelength below 280 nm) is still poor and needs to be improved to utilize them in 

practical applications. The anticipated reasons behind diminished performance could be a 

poor material quality causes the presence of defects and dislocations, extremely 

inefficacious p-doping [93], increased polarization fields, poor hole injection, electron 

overflow [41] from the active region, and others.  

To address all the above-mentioned issues, better epitaxial growth techniques have 

been evolved with reduced dislocation density [94]. Also, different band-engineered 

structures such as staggered quantum wells [95], semi-polar structures [96], and intrinsic 

strip-in-a-barrier structures [97, 98]  have been proposed to address electron overflow. On 

the other hand, EBL which is a p-doped higher Al composition AlGaN layer has been 
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introduced between the active region and p-region to improve the electron confinement in 

the active region and reduce the electron leakage from the active region [99, 100]. 

However, if this EBL is not designed appropriately, it can affect the hole injection into the 

device active region severely due to the large valence band offset at the hetero-interface 

and formation of positive polarization sheet charges [97, 98, 101]. Therefore, engineering 

or optimizing EBL is crucial to have reduced electron leakage without affecting the hole 

injection.  

The EBL has been optimized in different ways to achieve suppressed leakage and 

better hole injection efficiency. Superlattice (SL) structures were demonstrated to improve 

the hole activation efficiency by reducing the Mg activation energy which is by utilizing 

the band offset and strong built-in spontaneous and piezoelectric polarization fields instead 

of thermal energy [102-105]. Moreover, parabolic graded structures are implemented to 

result in low resistances for transport across the barriers when compared to interfaces with 

abrupt composition changes [102]. Here, a double-sided step graded superlattice EBL 

(DSGS-EBL) LED structure is designed, operating at 254 nm wavelength which is 

effectively used for germicidal disinfectants, water/air sterilization and other applications 

[106, 107].  

3.2 Device Structure 

The reference structure for this study is a conventional EBL-based LED as shown in Figure 

3.1(a), denoted as LED1. Grown on a c-plane AlN template, LED1 consists of a 3 μm thick 

n-Al0.7Ga0.3N layer (Si: 5 × 1018 cm-3), followed by an active region containing five pairs 

of 3 nm intrinsic Al0.6Ga0.4N QW and 12 nm intrinsic Al0.7Ga0.3N QB layers, then a 20 nm 

p-Al0.85Ga0.15N EBL (Mg: 3 × 1019 cm-3), succeeded by a 100 nm p-Al0.7Ga0.3N hole 
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injection layer (Mg: 2 × 1019 cm-3), and finally a 20 nm p-GaN contact layer (Mg: 1 × 1020 

cm-3). Figures 3.1(b)-3.1(d) illustrate the Al composition profile in the conduction band for 

the conventional EBL of LED1, double-sided step graded (DSG) EBL of LED2, and 

double-sided step graded superlattice (DSGS) EBL of LED3.  

 

Figure 3.1 (a) Schematic diagram of LED1, Al composition in the conduction band of (b) 

conventional EBL in LED1, (c) DSG-EBL in LED2, (d) DSGS-EBL in LED3. 

 

The double-sided step graded (DSG) EBL of LED2 consists of three symmetrical 

steps on both the last QB (LQB)/EBL interface and EBL/ p-Al0.7Ga0.3N interface sides as 

shown in Figure 3.1(c). The Al composition of three symmetrical AlGaN steps are 75%, 

80% and 85% and the thickness of each step is 4 nm. The novel double-sided step graded 

superlattice (DSGS) EBL is integrated into LED3 as shown in Figure 3.1(d). The DSGS 

comprises of three symmetrical steps on both LQB/EBL interface and EBL/ p-Al0.7Ga0.3N 

interface sides, in which each step has a two-period of a superlattice of AlxGa(1-x)N/QB 

layers. The values of x are 0.75, 0.80, and 0.85 and the thickness of each layer is 1 nm. It 

is expected that the DSGS EBL would reduce the polarization at the interface of LQB and 

EBL due to the reduced lattice mismatch between the layers. The chip area of all LED 
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structures is considered as 400 μm × 400 μm and designed to emit 254 nm wavelength UV 

light. 

3.3 Device Parameters 

The following parameters have been considered in this work. The considered value of the 

bandgap for AlN is 6.3 eV and for GaN is 3.42 eV [108]. The bowing parameter and band 

offset ratio of AlGaN are assumed to be 0.94 eV, and 0.67/0.33, respectively [109]. The 

energy band diagrams of all three LEDs are estimated using 6×6 k.p model [110]. The non-

radiative and radiative recombination have been taken into account by considering the SRH 

recombination lifetime, radiative recombination coefficient, Auger recombination 

coefficient and light extraction efficiency are considered as 15 ns, 2.13 × 10-11 cm3/s, 2.88 

× 10-30 cm6/s, and 15%, respectively [111]. Also, the activation energy of Mg-doped p-

Al0.85Ga0.15N, p-Al0.7Ga0.3N and p-GaN is considered as 459 meV, 408 meV and 170 meV, 

respectively [112, 113]. The activation energy of Si-doped n-Al0.7Ga0.3N is set as 15 meV 

[114]. In addition, the tunneling model is incorporated in LED2 and LED3. The degree of 

polarization due to spontaneous and piezoelectric polarization is estimated using the 

methods proposed by Fiorentini et al. [115] and considered 50% of the theoretical value in 

our model. The internal absorption loss is assumed as 2000 m-1 and all simulations are 

performed at room temperature. 

3.4 Results 

To understand the carrier transport improvement in LED3 i.e., the proposed DSGS EBL 

structure, the performance of LED1, LED2 and LED3 are studied and corresponding EQE 

and output power are presented in Figure 3.2. As illustrated in Figure 3.2(a), a maximum 
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EQE of 5.83% is exhibited by LED3, where EQE in LED1 and LED2 are only 2.99% and 

5.7%, respectively. Moreover, the minimum EQE droop, defined as (ηpeak- η60mA)/ ηpeak, is 

found in the case of LED3 which is only 9.1% at 60 mA injection current as compared to 

49.8% and 32.1% for LED1 and LED2, respectively. The reason behind this improved 

radiative recombination and reduced carrier leakage in LED3, due to the superior carrier 

confinement [52] provided by the DSGS structure. As shown in Figure 3.2(b), the output 

power as a function of injection current, LED3 shows 3.56 times higher output power as 

compared to LED1 at 60 mA injection current. Different output parameters for the three 

structures are compared in Table 3.1.  

 

Figure 3.2 (a) EQE and (b) output power for LED1, LED2 and LED3 as a function of 

injection current. 

 

Table 3.1 Comparison of EQE and Output Power of LED1, LED2 and LED3 

LED 

Structures 

Max. EQE 

(%) 

EQE (%) at 60 

mA 

EQE droop 

(%) 

Output power 

(mW) at 60 mA 

LED1 2.99 at 2.55 

mA 

1.5 49.8 4.4 

LED2 5.7 at 6.49 

mA 

3.87 32.1 11.42 

LED3 5.83 at 11.54 

mA 

5.3 9.1 15.68 
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The underlying mechanism behind the improved EQE and output power in the 

proposed structure is further analyzed using the energy band diagram and the quasi-fermi 

level of the three simulated structures at an injection current of 60 mA as shown in Figures 

3.3(a)-3.3(c). The effective conduction band barrier height (φe) for LED1, LED2 and LED3 

is found to be 231 meV, 259 meV and 288 meV, respectively. The large value of φe in 

LED3 compared to LED1 and LED2 effectively prevents the electron overflow and 

efficiently reduces the electron leakage into the p-region. In addition, as shown in Figure 

3.3(d), the proposed structure, LED3 shows the smallest parasitic electron reservoir volume 

at the interface of LQB and EBL. This is because of the reduction in the piezoelectric 

polarization field at the interface due to the superlattice structure, which can further 

suppress the electron overflow [116]. This improves the hole concentration in the p-region 

because of reduced non-radiative recombination. Further, superlattice structure in LED3 

facilitates improved hole activation by utilizing the band offset and strong built-in 

spontaneous and piezoelectric polarization fields within the EBL layer instead of thermal 

energy as shown in Figure 3.4, thus reducing the acceptor activation energy [102, 105, 

117]. In the superlattice structure of sufficiently thin layers, Mg atoms are ionized in the 

AlxGa1-xN and holes tend to accumulate in the AlyGa1-yN layers for the structure of AlxGa1-

xN/AlyGa1-yN layers with x>y. This allows hole transport both in vertical and lateral 

directions [117]. Also, LED3 supports reduced cracks and dislocations as the layer 

thickness is below the critical thickness so that elastic strain is not relieved by the formation 

of cracks and dislocations, thus improving the crystal quality of the layer and reducing the 

defects and dislocations [118]. All together LED3 would improve the hole concentration 

in the p-region for the injection into the active region. Moreover, the effective valence band 
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barrier height (φh) is reduced in the case of LED3 to 340 meV as compared to others, where 

φh in LED1 and LED2 is 390 meV and 376 meV, respectively. This supports the enhanced 

hole transportation in the proposed structure, LED3. 

 

Figure 3.3 Energy band diagrams of (a) LED1, (b) LED2, (c) LED3, (d) conduction band 

around the EBL region for LED1, LED2 and LED3 at an injection current of 60 mA. 

 

 

Figure 3.4 Magnitude of electrostatic field profile of Con. EBL (conventional EBL) in 

LED1, DSG EBL (double-sided step graded EBL) in LED2 and DSGS EBL (double-sided 

step graded superlattice EBL) in LED3. 
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Next, the electron concentration, hole concentration, and radiative recombination 

rate for the three LED structures have been calculated at an injection current of 60 mA. For 

a better comparison of carrier concentration and radiative recombination rates, horizontal 

positions of LED1, LED2 and LED3 are slightly shifted. Figure 3.5(a) illustrates the 

electron concentration profile after the active region, which shows the electron leakage in 

LED3 is significantly less i.e., ~12 times compared to LED1 and LED2. This is due to 

higher effective conduction band barrier height (φe) in the case of LED3 to reach the p-

region, which confines the electrons in the active region in a better way. Due to this, non-

radiative recombination of leaked electrons with the holes in the p-side is reduced and more 

holes are available for injection into the active region.  

 

Figure 3.5 (a)-(b) Electron Concentration, (c) hole concentration and (d) radiative 

recombination of LED1, LED2, and LED3 at an injection current of 60 mA. 
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Further, the effective valence band barrier height (φh) for hole injection is less in 

LED3 as compared to LED1 and LED2. This improved the electron and hole concentration 

in the active region for LED2 as compared to LED1 and reached its maximum value in 

LED3, as shown in Figures 3.5(b) and 3.5(c), respectively. As a result, the radiative 

recombination rate in the case of LED3 is enhanced as compared to LED1 and LED2 as 

shown in Figure 3.5(d). The electrostatic field profile of LED1, LED2 and LED3 are shown 

in Figure 3.6(a) at an injection current of 60 mA. The electrostatic field is directly 

proportional to the net polarization charge density as shown in Equations (3.1) and (3.2) 

[119]. 

 ( . ) / ( . . )b EBL EBL b b EBLE l P l l   +  (2.1) 

 0( ) / .  ( )Pol Pol

s z B bP z z z l = = −   (2.2) 

where, Eb is the electrostatic field in the barrier, lb and lEBL are the thicknesses of the barrier 

and EBL, respectively and εb and εEBL represent the dielectric constant of the barrier and 

EBL, respectively. σs
Pol is polarization induced sheet charge density and ρB

Pol is polarization 

induced bulk charge density. ΔP represents the net polarization charge density. The higher 

value of an electrostatic field in the quantum well region can restrict the overlapping of the 

electron and hole wave functions, thus can reduce radiative recombination in the active 

region and subsequently leading to have poor efficiency. Moreover, a stronger electrostatic 

field at the LQB/EBL interface can pull down the conduction band which can reduce the 

carrier confinement in the active region. That is why a lower electrostatic field is always 

desired in the active region. The polarization-induced electric field in the LQB can be 

reduced by decreasing the EBL thickness (lEBL) or the net polarization-induced charge 

density (𝛥P) as shown in Equation (3.1). The net polarization induced charge density is 
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determined by the combination of σs
Pol

 and ρB
Pol

 as shown in Equation (3.2). The σs
Pol for 

LED2 and LED3 is found to be lower because of the reduced spontaneous polarization 

discontinuity at the last barrier/EBL interface and suppressed piezoelectric polarization 

effect. Moreover, the polarization-induced bulk charge generation can be raised in LED2 

and LED3 due to its compositionally graded profile as compared to LED1. Therefore, ΔP 

for LED2 and LED3 can be reduced due to the smaller value of σs
Pol and larger value of 

ρB
Pol which will reduce the electrostatic field in the barrier for LED2 and LED3. Moreover, 

in LED3 due to superlattice EBL structure, the thickness of lEBL of the first superlattice 

layer is less as compared to LED1 where lEBL is 20 nm and LED2 where lEBL is 4 nm due 

to the first step. This would further reduce the electrostatic field in the barrier/EBL interface 

for LED3 as can be seen from Figure 3.6(a).  Similar studies have been done for the QW 

region [119, 120]. It can be seen from Figure 3.6(a), an electrostatic field in the QW as well 

as at the LQB/EBL interface for LED2 is smaller as compared to LED1 and it is the 

smallest in the case of LED3.  

 

Figure 3.6 (a) Magnitude of electrostatic field in the active region, left inset figure depicts 

the electrostatic field in the LQW and right inset figure depicts the electrostatic field at the 

interface of LQB and EBL, (b) emission spectra of LED1, LED2, and LED3 at an injection 

current of 60 mA. 
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Figure 3.6(b) demonstrates the emission spectra of all three LED structures. Due to 

higher radiative recombination in the active region for LED3, as compared to LED1 and 

LED2, emission intensity is also increased significantly in the case of LED3 at the peak 

emission wavelength of 254 nm. 

3.5 Conclusion 

In summary, we have reported deep UV AlGaN LEDs with novel double-sided step graded 

superlattice (DSGS) EBL instead of conventional EBL operating at ~254 nm wavelength. 

The enhanced carrier transport in DSGS structure resulted in reduced electron leakage into 

the p-region by ~12 times, improved hole activation and hole injection, enhanced output 

power and external quantum efficiency. The calculations show that the output power of the 

DSGS structure is ~3.56 times higher as compared to the conventional structure. Moreover, 

the efficiency droop at 60 mA injection current in the DSGS LED is found to be ~9.1% 

that is ~4.5 times lower than the regular LED structure. The reported structure provides a 

promising approach for achieving high-efficiency UV light emitters for practical 

applications. 
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CONTROLLED CARRIER MEAN FREE PATH IN AlGaN DEEP-

ULTRAVIOLET LIGHT-EMITTING DIODES 

 

4.1 Introduction 

In this chapter, a novel approach is studied to mitigate the electron leakage problem in 

AlGaN deep UV LEDs using concave QB structures instead of conventional QBs. 

Extensive research has been performed and different approaches have been introduced to 

improve the carrier confinement in the active region and control the electron leakage or 

overflow to the p-region. For instance, integration of the p-doped higher Al composition 

EBL after the active region is a common approach to stop the electron overflow [121]. 

Further, the EBL is re-engineered using a graded layer [122], polarization modulated layers 

[123], superlattice structure [124], graded superlattice structure [125, 126], and others to 

efficiently reduce the electron overflow. Alternatively, the electron overflow has been 

reduced by increasing the effective conduction band barrier heights (CBBH) with the re-

design of QBs and promptly utilizing the higher Al composition [127-129]. In this work, 

another potential approach is introduced to alleviate the electron overflow without 

increasing the Al composition in the QBs and EBL by utilizing the concave QBs instead 

of conventional QBs in AlGaN UV LEDs. These specially designed QBs are composed of 

even lower Al composition than regular ones, which would slow down the hot electrons 

and reduce the electron mean free path (MFP) before entering the QWs. This leads to 

improve the electron capturing capability in the MQWs of an active region. In addition, 

such engineered QBs don’t affect the hole transport, in fact, enhance the hole injection into 
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the active region. Altogether, radiative recombination, IQE, and output power of the 

concave QB LED could be improved significantly. 

4.2 Device Structures 

In this study, the reference structure is represented as LED0, which is the conventional QB-

based AlGaN deep UV LED structure and reported experimentally by Yan et al. [130]. The 

schematic structure of LED0 is shown in Figure 4.1(a) and consists of a 3 μm n-Al0.6Ga0.4N 

layer (Si doping concentration: 5×1018 cm-3), the active region contains five undoped 3-nm 

Al0.4Ga0.6N QWs sandwiched between six undoped 12-nm Al0.5Ga0.5N QBs,  a 20 nm p-

Al0.65Ga0.35N (Mg doping concentration: 2×1019 cm-3) EBL, a 50 nm p- Al0.5Ga0.5N (Mg 

doping concentration: 2×1019 cm-3) hole injection layer, and a contact layer of 120 nm p-

GaN (Mg doping concentration: 1×1020 cm-3). Figure 4.1(b) shows the Al composition (%) 

profile information in the conduction band of LED0.  

Figure 4.1 (a) Schematic diagram of LED0, Al composition (%) profile in the conduction 

band of (b) conventional structure, i.e., LED0, and (c) proposed structure, i.e., LED1. 
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The proposed and concave QB-based structure is denoted by LED1, is the same as LED0 

except for QBs. The proposed concave QBs are composed of 4 nm Al0.5Ga0.5N/4 nm 

Al0.47Ga0.53N/4 nm Al0.5Ga0.5N layers along the growth direction. This can be seen in 

Figure 4.1(c).  The mesa area of both LEDs is 400 × 400 μm2. 

4.3 Device Parameters 

The two LED structures i.e., LED0 and LED1 are modeled and their performance is 

carefully investigated. In this investigation, the energy bandgap of GaN and AlN is 

estimated using Equation (4.1) [131].  

 = −
+

2

( ) (0)g g

aT
E T E

b T
 (3.1) 

In Equation (4.1), a and b  are material constants, and the corresponding values are 0.909 

meV/K, 830 K for GaN; 1.799 meV/K, 1462 K for AlN [131]. Eg (0) and Eg(T) are the energy 

bandgap at temperatures 0 and T K, respectively. The values of Eg(0) for GaN and AlN are 3.507 

eV and 6.23 eV, respectively [131]. The energy bandgap of AlxGa1-xN is determined using 

Equation (4.2), as given below. 

 =  + −  −   −AlN GaN(1 ) (1 )E x E x E b x x  (3.2) 

In Equation (4.2), b  represents the bowing parameter, the value of b is assumed as 

0.94 [109]. We have considered the Mg activation energy in our model and set it as 170 

meV and 510 meV for p-GaN and p-AlN, respectively. The Mg activation energy is 

estimated for p-AlxGa(1-x)N alloy using linear approximation where  0<x<1 [112]. The 

auger recombination coefficient, radiative recombination coefficient, SRH recombination 

coefficient, and light extraction efficiency values as 2.88 × 10-30 cm6/s, 2.13 × 10-11 cm3/s, 

6.67 × 107 /s, and 15%, respectively [111]. The net polarization effect due to piezoelectric 



53 

 

and spontaneous polarization is considered to be 50% in the model. The band offset ratio 

for the III-nitride material hetero-junctions is taken as 0.67/0.33 [125]. The energy-band 

diagrams of two LED structures are calculated using the 6×6 k.p model [110]. 

4.4 Theoretical Model 

For a better insight into the controlled electron MFP in LED1, the theoretical model is 

presented with the help of different electron transport schemes. The schematic energy band 

diagrams of LED0 and LED1 are shown in Figure 4.2.  

Figure 4.2 Schematic of energy band diagram of (a) LED0 and (b) LED1. 
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N0 is assumed to be the number of electrons injected into QB in both LEDs. From Figure 

4.2(a), electrons experience four different transport processes in the active region of LED0. 

The electron tunneling through barriers is not employed in this model for simplicity. A part 

of the electrons (Nc0) from N0 are scattered and captured into the QW is denoted as a process 

① and some of them are recombined radiatively/non-radiatively with holes, as illustrated 

in process ②. However, some of them can escape from the QW, as presented in process 

③. Also, as shown in process ④, the electrons with longer electron MFP can directly 

jump over QW without being captured in it. It is clearly understood that processes ③ and 

④ lead to electron leakage from the active region, which is undesired and needs to be 

mitigated. The captured electrons (Nc0) in QW of LED0 can be expressed as [82], 

 0 0 0[1 exp( / )]C QW MFPN N t l=  − −  (3.3) 

where tQW is the QW thickness, and lMFP0 is the electron MFP in LED0. As depicted in 

Figure 4.2(b), the electron transport processes in the proposed structure, LED1, are the same as 

LED0 except for processes ⑤ and ⑥ due to the concave QBs. Here, a part of electrons (N1) from 

N0 are trapped by the Al0.47Ga0.53N layer with the interaction of LO phonons before being captured 

in QWs.  The interaction of phonons with electrons usually creates perturbation in the motion of 

electrons by scattering them from one state to another state, which results in a reduction of carrier 

mobility and an increase in resistivity, and ultimately cools down the hot electrons [132]. Thereby, 

the thermal velocity of the electrons reduces. The reduction in the thermal velocity, vth1 due to 

electron-phonon interaction during process ⑤ is incorporated in Eq uation(4.7). At the same time, 

the rest of the electrons (N2=N0-N1) can fly over the Al0.47Ga0.53N layer. Overall, captured electrons 

(Nc1) in QW of LED1 can be estimated as  

 1 1 1 2 2[1 exp( / )] [1 exp( / )]C QW MFP QW MFPN N t l N t l=  − − +  − −  (3.4) 
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where lMFP1 is the MFP of electrons that are undergone the process ⑤, and the electrons 

that participated in process ⑥ have MFP of lMFP2. From Equations (4.3) and (4.4), one of the 

possible ways to improve the captured electron concentration in QWs is to reduce the electron 

MFP. Next, the calculation of electron MFP in both LEDs was done. The electron MFP (lMFP) can 

be expressed as a function of thermal velocity (νth) and the scattering time (τsc) 

 MFP th scl  =   (3.5) 

 0 0 02 ( ) /th eE W m =  +  (3.6) 

 
1 1 1

1 1

2 ( ) /

     2 ( ) /

th e

e

E E W E m

E W m

 



=  +  + − −

=  + −
 (3.7) 

 2 1 12 ( ) /th eE W m =  +  (3.8) 

where E0 = 83.11 meV and E1 = 83.92 meV are additional kinetic energies (K.E.) in the 

previous layer of QB2 with respect to its conduction band of LED0 and LED1. The W0 = 88.78 

meV and W1 = 70.55 meV are work done to the electrons by the generated local electric field in 

QB2 of LED0 and LED1, respectively. The work done values are estimated using electric field 

(E(y), along the growth direction “y”) of QB2 from Figure 4.3(c) and can be written as 

 
0

( )

QBt

W q E y dy=   (3.9) 

In Equation (4.9), tQW is the QB thickness. The νth0 represents the electron thermal 

velocity in LED0, while νth1 and νth2 are electron thermal velocities with undergone 

processes ⑤ and ⑥ in LED1. The +ΔE in Equation (4.7) represents the K.E. received by 

the electrons when crossing the band-offset between n-Al0.5Ga0.5N and n-Al0.47Ga0.53N 

layers. -ΔE is the energy lost by electrons while jumping from the n-Al0.47Ga0.53N layer 

during process ⑤ in LED1. Also, ℏω ≈ 102 meV [133] is the energy lost due to LO phonon 
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emission during the scattering in process ⑤ of LED1. Here, the effective mass of the 

electrons is considered as me. Therefore, the calculated thermal velocity values of νth0, νth1, 

and νth2 are 4.82×107 cm/s, 2.66×107 cm/s, and 4.57×107 cm/s. It is clearly observed that 

electrons who undergo process ⑤ due to the proposed concave QB exhibit the lowest 

thermal velocity i.e., νth1 < νth2 < νth0. Subsequently, the electron MFP at τsc = 0.0045 ps 

[134] for above all cases would be 2.169 nm, 1.197 nm, and 2.056 nm, respectively. As 

expected, electrons that have undergone process ⑤ also demonstrate the lowest MFP. In 

other words, process ⑤ is supporting to cool down hot electrons in the QBs before being 

captured in QWs. Also, the reduced electrostatic field in MQWs of LED1 due to concaved 

QBs reinforces the overlap of electron-hole wavefunctions spatially that supports the 

radiative recombination mechanism [135], as shown in Figure 4.3. Overall, the concave 

QB structure i.e., LED1 reports a lower electron MFP that definitely enhances the electron 

capture capacity in the QWs and is expected to mitigate the electron leakage from the active 

region eminently. 

 

Figure 4.3 Estimated electrostatic field in MQWs of LED0 and LED1. 
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4.5 Results 

To understand the performance and analyze the carrier transport in the AlGaN deep UV 

LED structures, first, the energy-band (E-B) diagrams of LED0 and LED1 are calculated 

and presented in Figure 4.4. These E-B diagrams are calculated at 60 mA current injection. 

As shown in Figure. 4.4, фen is the effective CBBH which is the maximum energy 

difference between the conduction band and its corresponding quasi-Fermi level for 

electrons in the QB (n).   

 

Figure 4.4 Calculated energy-band diagrams of LED0 and LED1 at 60 mA current 

injection. 

 

Table 4.1 Effective CBBHs of QBs (фen) and EBL (фEBL) for LED0 and LED1 

CBBH LED0 LED1 

фe1 107.5 meV 96.1 meV 

фe2 114.3 meV 98.8 meV 

фe3 113.8 meV 98.1 meV 

фe4 112.6 meV 96.8 meV 

фe5 110.1 meV 94.6 meV 

фe6 31.2 meV 28.5 meV 
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Table 4.2 Effective VBBHs of QBs (фhn) for LED0 and LED1 

VBBH LED0 LED1 

фh2 251.9 meV 237.4 meV 

фh3 250.3 meV 236.7 meV 

фh4 249.3 meV 235.6 meV 

фh5 248.1 meV 234.7 meV 

 

The CBBH values (фen) at the corresponding barrier (n) are assessed from 

conduction bands and presented in Table 4.1. It is found that the proposed structure, LED1, 

exhibits relatively lower фen values compared to the conventional structure, LED0. It has 

been reported that the higher фen values support the electron blocking capability in the 

active region and prevent severe electron leakage into the p-region [127]. However, 

irrespective of фen values, LED1 with concave QBs demonstrate less electron leakage due 

to reduced electron MFP in the active region. Moreover, the effective valence band barrier 

height (VBBH) values are denoted as фhn, which is the maximum energy difference 

between the quasi-Fermi level for holes and the valence band at the corresponding barrier 

(n). These values are estimated from valence bands and provided in Table 4.2. The фhn 

values are low in LED1 compared to LED0 because of the concave QBs, henceforth 

promoting better hole transportation into AlGaN/AlGaN MQWs region. 

The electron concentration in the active region for both LEDs is shown in Figure 

4.5(a). As anticipated and concluded in theoretical model, electron concentration in the 

active region of LED1 is improved due to the reduced electron MFP. This leads to reduce 

the electron overflow from the active region in the case of LED1 compared to LED0 and 

found to be lower electron leakage in the p-region of LED1, as shown in Figure 4.5(b).  
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Figure 4.5 Calculated (a) electron concentration, (b) electron leakage, (c) hole 

concentration, and (d) radiative recombination rate in MQWs of LED0 and LED1. 

 

Such reduced electron leakage also avoids the unwanted non-radiative 

recombination of leaked electrons with incoming holes in the p-region. Further, it helps for 

the efficient hole injection into the multi QWs. In addition, the reduced effective VBBHs 

in LED1 support better hole transportation among the QWs. Overall, hole concentration in 

the active region of LED1 is increased, as seen from Figure 4.5(c). The integrated hole 

density in the active region for LED0 and LED1 is calculated to be 7.2 ×1012 cm-2 and 9.25 

×1012 cm-2, respectively. Subsequently, radiative recombination is also significantly 
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improved due to the higher carrier concentration in the MQWs of LED1 compared to 

LED0. This is provided in Figure 4.5(d). 

 

Figure 4.6 Calculated (a) IQE (inset figure: EL intensity), and (b) L-I and I-V 

characteristics of LED0 and LED1 as a function of injection current.  

 

Next, the IQE of both the LEDs is calculated and provided in Figure 4.6(a). Due to 

the effective concave QB structure, LED1 exhibits enhanced electrical injection efficiency 

with reduced electron overflow and increased carrier distribution throughout the device 

active region. That significantly improved the radiative recombination in LED1, and 

reduced the electron overflow, due to which LED1 exhibits a maximum IQE of ~39%, 

while it is ~35% in the case of LED0. Importantly, the IQE of LED1 is improved by 

~40.2% compared to LED0 at 60 mA current injection and the efficiency droop is reduced 

by ~23.3% in LED1 during 0-60 mA operation. Again, due to improved radiative 

recombination, the EL intensity of LED1 is higher than LED0 at the emission wavelength 

of ~284 nm, as shown in the inset of Figure 4.6(a). Figure 4.6(b) demonstrates the power 

vs. current (L-I) characteristics and voltage vs. current (I-V) characteristics of LED0 and 

LED1. The green stars and triangles are L-I and I-V characteristics of our reference 

structure that were experimentally reported by Yan et al. [130]. As depicted in Figure 
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4.6(b), the simulated L-I-V characteristics of LED0 are closely matching with the 

experimentally reported results, which validates the reliability of the simulation model and 

parameters. The turn-on voltage for LED1 is nearly the same as that of LED0, with a 

slightly higher operating bias voltage at 60 mA injection current. However, there is a 

tremendous improvement in the output power of LED1. The recorded output power of 

LED1 is 9.16 mW at 60 mA current injection which is boosted by ~40.5% compared to 

LED0 at the same current injection level. 

4.6 Conclusion 

In summary, we have systematically designed a unique concave QB-based AlGaN UV 

LED structure and investigated the performance. It is understood that the concave QB 

structures are favorable for cooling down the hot electrons before entering into the QWs 

thus achieving lower electron MFP and velocity, which can be resulted in remarkably 

reduced electron leakage. 
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BANDGAP ENGINEERING OF ELECTRON-BLOCKING LAYER FREE AlGaN 

DEEP-ULTRAVIOLET LIGHT-EMITTING DIODES 

 

5.1 Introduction 

In this chapter, the design and performance of the EBL free AlGaN deep UV LEDs are 

studied by band engineering the QBs. The proposed structure significantly reduces thermal 

velocity and MFP of electrons in the active region, therefore greatly confines the electrons 

over there. This leads to reducing the electron leakage into the p-region tremendously. 

Moreover, these optimized QBs reduce the quantum-confined Stark effect in the active 

region, thereby improving the electron and hole wavefunctions overlap. 

5.1.1 Problems with the conventional EBL 

To eliminate the electron overflow, a p-doped Al-rich EBL has been introduced between 

the active region and p-region [136]. The schematic diagram of UV LED with the 

integration of EBL is presented in Figure 5.1. Definitely, EBL could suppress the electron 

leakage problem, but to an extent, not completely. At the same time, EBL supports the 

formation of positive polarization sheet charges at the interface of the LQB and EBL [129], 

which leads to the creation of a hole depletion region, illustrated in Figure 5.1. This reduces 

the hole injection efficiency into the active region. Another challenge is growing highly 

efficient EBLs. As the EBL is an Al-rich composition of AlGaN layers, Mg doping 

efficiency gets affected because of high acceptor activation energy, compensation by 

nitrogen vacancies, increased hole scattering, and limited acceptor solubility [112]. 
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Figure 5.1 Schematic energy-band diagram of AlGaN UV LED with the conventional 

EBL. 

 

5.1.2 Alternative to conventional EBL structure 

To address the problems due to the integration of conventional EBL, QW or EBL is re-

engineered using different approaches [125, 126, 137-139]. This would partially reduce the 

challenges generated by the integration of the EBL, but it is always desired to improve the 

LED efficiency by eliminating the EBL layer. In this regard, different EBL-free LED 

designs have been studied for III-nitride semiconductor LEDs. For instance, linear graded 

QB-based EBL-free AlGaN UV LEDs reported almost similar optical performance 

compared to conventional EBL LEDs [140], strip-in-a-barrier AlGaN UV LEDs without 

EBL have shown remarkably high performance compared to regular EBL LEDs [78]. Band 

engineered AlInN UV LEDs [141], lattice-matched InGaN/AlInN/InGaN QB visible LEDs 

are also reported better performance without EBL [77]. Superior performance was 

observed from the integration of coupled QWs before and after the active region of 
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InGaN/GaN nanowire LED for white light emission instead of AlGaN EBL-based devices 

[142] are some of the reported studies. However, to date, a study on high-performance EBL 

free AlGaN deep UV LEDs is limited. Therefore, it is necessary to further engineer the 

device structures to achieve high-performance without using EBL that obviates the EBL-

related problem. 

5.1.3 Proposed EBL free device design approach 

EBL-free AlGaN UV-LEDs with the utilization of the graded staircase QBs (GSQBs) in 

the active region are designed in this study. It is expected that the incorporation of GSQBs 

reduces kinetic energy and the velocity of the electrons entering the active region. As a 

result, the electron MFP can reduce and improve the electron confinement in the active 

region. Another advantage of the proposed structure is having the efficient electron-

blocking capability due to gradually increased effective CBBHs of each QB in the active 

region along the growth direction that effectively blocks the electron overflow into the p-

region without using EBL. Therefore, the non-radiative recombination in the p-region 

could be dramatically reduced. Since the proposed structure does not require an EBL, it 

eliminates the formation of positive polarization sheet charges at the heterointerface of the 

last QB and EBL. Moreover, such specially designed QBs reduce the quantum-confined 

Stark effect in the active region, thereby improving the electron and hole wavefunction 

overlap. Due to having all the above-mentioned advantages, Carrier transport, radiative 

recombination, IQE and output power of the proposed structure are notably improved 

compared to the conventional EBL-based structure. 



65 

 

5.2 Device Structure 

Firstly, the device model was validated by simulating and verifying the EBL-based AlGaN 

deep UV LED reference structure [130] which was grown on a c-plane AlN template with 

~284 nm wavelength emission. The reference structure is denoted by LED 1, consists of a 

3 μm thick n-Al0.6Ga0.4N layer (Si doping concentration: 5 × 1018 cm-3), succeeded by an 

active region of five intrinsic 3 nm Al0.4Ga0.6N QWs sandwiched between six intrinsic 12 

nm Al0.5Ga0.5N QBs, followed by a 20 nm p-Al0.65Ga0.35N EBL (Mg doping concentration: 

2 × 1019 cm-3), then capped by a 50 nm p-Al0.5Ga0.5N hole injection layer (Mg doping 

concentration: 2 × 1019 cm-3), and finally a 120 nm p-GaN contact layer (Mg doping 

concentration: 1 × 1020 cm-3). The schematic diagram of LED 1 is presented in Figure 

5.2(a) and the Al composition (%) profile related to the conduction band energy diagram 

of LED 1 is shown in Figure 5.2(b). The mesa area of the deep UV LED chip is 400 × 400 

µm2. As illustrated in Figure 5.2(c), LED 2 has the same structure as LED 1 except the 

QBs, where the Al composition of the QBs is gradually increasing from QB2 to QB6 as   

 

Figure 5.2 (a) Schematic diagram of LED 1, Al composition (%) profile of conduction 

band in (b) LED 1, (c) LED 2, and (d) LED 3. 
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0.51, 0.54, 0.57, 0.60, and 0.75, respectively. The proposed structure referred to as LED 3 

is identical to LED 2 with the replacement of GSQBs instead of uniform Al composition 

QBs. As depicted in Figure 5.2(d), 12 nm thick each QB consists of AlxGa(1-x)N (4 

nm)/Al(x+0.5)/2Ga1-(x+0.5)/2N (4 nm)/Al0.5Ga0.5N (4 nm) step layers. The Al composition (x) 

in the last five QBs is 0.51, 0.54, 0.57, 0.60, and 0.75, respectively. The x values are chosen 

by carefully optimizing the structure, similar to our previous study [142]. 

5.3 Device Parameters 

All the LED structures are designed and simulated using the APSYS tool. In this simulation 

model, the energy bandgap of GaN and AlN are estimated using the Varshni formula i.e., 

Equation (5.1) [131] 

 = −
+

2

( ) (0)
g g

aT
E T E

b T
 (4.1) 

In Equation (5.1), Eg(T) and Eg(0) are the energy bandgap at temperatures T and 0 

K, respectively. a and b are material constants. The values of a, b, and Eg (0) for GaN are 

0.909 meV/K, 830 K, and 3.507 eV [108]. The corresponding values for AlN are 1.799 

meV/K, 1462 K, and 6.23 eV, respectively [108]. The bowing parameter for the energy 

bandgap calculation of AlxGa(1-x)N is considered as 0.94 eV. We have assumed the band 

offset ratio for AlGaN as 0.67/0.33 [109]. The carrier mobility is estimated using the 

Cauchy-Thomas approximation [143] and the energy band diagrams of LED structures are 

calculated by using the 6×6 k.p model [110]. Additionally, the Mg activation energy of 

AlxGa(1-x)N alloy for 0<x<1 is set to scale linearly from 170 meV to 510 meV [112]. The 

SRH recombination life-time, radiative recombination coefficient, Auger recombination 

coefficient, and light extraction efficiency are set as 15 ns, 2.13 × 10-11 cm3/s, 2.88 × 10-
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30 cm6/s, and 15%, respectively [111]. Also, the built-in polarization due to spontaneous 

and piezoelectric polarization is estimated [115] and taken as 50% of the theoretical value 

in the model. All simulations are performed at room temperature and other band parameters 

can be found elsewhere [144]. 

5.4 Theoretical Model 

As shown in Figure 5.3, the theoretical model is developed to understand the transportation 

of electrons in LED 1 and LED 3. N0 is the total number of injected electrons into the n-

Al0.6Ga0.4N region of both LEDs. For the simplicity of the model, electron loss through 

non-radiative recombination in the n-Al0.6Ga0.4N region is neglected. The captured 

electrons in the quantum well (Ncapture) can be correlated with the electron MFP (lMFP) as 

expressed in Equation (5.2) [82]. 
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Figure 5.3 Schematic representation of carrier transport in (a) LED 1, and (b) LED 3. 
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In Equation (5.2), tQW is the quantum well thickness. Illustrated in Figures. 3(a) and 

3(b), process 1 represents the incoming electrons (N0) that are scattered and fall into the 

quantum wells. Some of those fallen electrons can recombine with the holes radiatively or 

non-radiatively as denoted by process 2 while remaining electrons escape from the QWs 

as illustrated by process 3. In addition, some electrons with longer lMFP travel to a remote 

position without being captured by the QWs as indicated by process 4. To increase Ncapture, 

the lMFP of these electrons needs to be reduced so that the electron concentration in the 

QWs would be increased that would favor the higher radiative recombination rate in the 

active region. At the same time, lMFP depends on thermal velocity (vth) and the scattering 

time (τsc) as shown in Equation (5.3). For LED 1, vth can be further expressed as illustrated 

in Equation (5.4) [82]. 
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In Equation (5.4), E is the excess kinetic energy in the n-Al0.6Ga0.4N layer, qV1 is 

the work done to the electrons by the induced polarization electric field in QBs of LED 1, 

and me is the effective mass of electrons. +ΔEc denotes the conduction band offset between 

QBn and QWn, while -ΔEc represents the conduction band offset between QWn and QBn+1. 

On the other hand, the GSQB structure in LED3 forms discontinuity in the conduction band 

of QB layers due to which the probability of the electrons to be scattered increases. 

Therefore, electrons would be thermalized more efficiently by interacting with LO 
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phonons, thereby reducing the vth and lMFP, as a result, electron confinement in the active 

region increases [83]. Hence, the vth in LED3 can be expressed as follows, 
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where +∆Ec1 represents the conduction band offset between QBn and QWn whereas -∆Ec2 

is the conduction band offset between QWn and QBn+1. As the QB heights are varying in 

LED 3 along the growth direction, therefore, ΔEc1- ΔEc2 cannot be eliminated. qV2 is the 

work done to the electrons by the induced polarization electric field in GSQBs of LED 3. 

The -ℏꞷLO denotes the total energy loss by phonon emissions due to each step layer in 

GSQBs. The values of qV due to each QB in LED1 and LED3 are listed in Table 5.1. 

Further, the values of ℏꞷLO in each step of GSQBs for LED 3 are calculated [133] and 

presented in Figure 5.4. 

 

Figure 5.4 Calculated LO phonon energy in AlxGa1-xN layer. 
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Table 5.1 Comparison of qV1 and qV2 Values of LED 1 and LED 3 

 QB2 QB3 QB4 QB5 

LED1 88.8 meV 87.2 meV 86.5 meV 85.0 meV 

LED3 84.2 meV 100.6 meV 104.4 meV 78 meV 

 

From Equations (5.4) and (5.5), it is understood that (E+ΔEc1+qV2-ΔEc2-ℏꞷLO) < 

(E+qV1). Consequently, vth of LED3 would be less as compared to LED1. As a result, lMFP 

would be reduced, which improves the electrons capture (Ncapture) ability of the QWs in 

LED3. In addition, the electron overflow happening due to process 4 can also be reduced 

by increasing the barrier height as in the proposed structure shown in Figure 5.3(b). Here, 

the QB heights before and after the QWs are not at the same level, rather it is progressively 

increasing along the growth direction due to which some of the electrons from process 3 

and 4 would bounce back denoted as process 5, which can also aid to improved electron 

concentration in the QWs in comparison with LED 1. 

5.5 Results 

The numerical device model and parameters are optimized in this study by simulating the 

reference structure i.e., LED 1 and validating the results with experimentally measured 

data of LED 1 published by Yan et al [130]. The numerically calculated and experimentally 

reported light-current and current-voltage characteristics of LED 1 are shown in Figure 5.5. 

It is observed that their results are closely matching with each other. This prevails the 

reliability of the utilized simulation model.  
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Figure 5.5 Measured and calculated light-current and current-voltage characteristics of 

LED 1 for model validation [130]. 

 

Next, the energy-band diagrams of LED 1, LED 2, and LED 3 are calculated at 60 mA 

current injection, as shown in Figure 5.6. фen and фEBL are the effective CBBHs at the 

corresponding barrier (n) and EBL, respectively. In the same way, the effective VBBHs at 

the corresponding barrier (n) are denoted as фhn. The CBBH values for each barrier are 

estimated from the energy band diagrams and listed in Table 5.2.  

Table 5.2 Effective CBBHs of QBs (фen) and EBL (фEBL) for LED 1, LED 2, and LED 3 

 LED 1 LED 2 LED 3 

фe2 114.3 meV 167.3 meV 104.42 meV 

фe3 113.8 meV 232.6 meV 134.77 meV 

фe4 112.6 meV 300.6 meV 191.15 meV 

фe5 110.1 meV 330.1 meV 230.22 meV 

фe6 31.2 meV 242.2 meV 322.54 meV 

фEBL 235 meV - - 
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Figure 5.6 Calculated energy-band diagram of (a) LED 1, (b) LED 2, and (c) LED 3 at 60 

mA current injection. E.A. represents the electron accumulation region, H.D. is the hole 

depletion region, and H.A. is the hole accumulation region. 

 

The value of фEBL in LED 1 is 235 meV due to EBL, which is the maximum CBBH to 

block the electron overflow in LED 1. This value is comparatively low in contrast to LED 

2 and LED 3 without EBL. The value of фen is progressively increasing with each QB and 

effectively blocking the electrons overflow by preventing the electrons from jumping out 

of the QWs in LED 2 and LED 3. Further, the value of maximum CBBH i.e., фe6 in LED 

3, is even higher than that of LED 2 from Table 5.2, demonstrating LED 3 is the optimal 

choice to confine the electrons in the active region. As a result, improved and maximum 

electron concentration in the active region for LED 3 was observed in comparison with 

other LEDs and is shown in Figure. 5.7(a). Though LED 2 has boosted electron 

concentration as compared to LED 1, but it is lower than LED 3. It is also noticed that due 

to improved electron confinement in the active region, electron leakage into the p-region 
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is significantly reduced in LED 3, as shown in Figure. 5.7(b). Subsequently, this would 

reduce the non-radiative recombination of the overflowed electrons and incoming holes in 

the p-region thereby, contributing to better hole injection efficiency into the active region. 

However, LED 2 has even higher electron leakage as compared to LED 1. Due to this, the 

non-radiative recombination in the p-region of LED 2 would increase and reduce the hole 

injection efficiency into the active region, irrespective of the creation of negative sheet 

polarization charges at the last QB and p-Al0.5Ga0.5N interface. 

Further, a sharp bending in the conduction band is formed due to induced positive 

polarization sheet charges at the heterointerface of the last QB and EBL in LED 1. This 

area accumulates a large number of electrons i.e., ~ 3.66 × 1016 cm-3, which eventually 

contributes to non-radiative recombination [145]. In addition, due to this induced positive 

polarization sheet charges in LED 1, a hole depletion region is formed at the heterointerface 

of the last QB and EBL, as shown in Figure 5.6(a), which reduces the hole injection 

efficiency [129]. The formation of the hole depletion region problem is eliminated in LED 

2 and LED 3 by removing the EBL. In the case of LED 2, a hole accumulation region is 

formed at the interface of the last QB and p-region, which generally should improve the 

hole injection efficiency, whereas in LED 3 the hole injection efficiency even should 

further improve due to the formation of two-hole accumulation regions as shown in Figure. 

5.6(c). The boosted hole injection efficiency in LED 3 can be seen in Figure. 5.7(c). This 

is also because of the reduced electron overflow in LED 3 due to improved electron 

confinement in the active region. Moreover, the effective VBBHs, фhn due to each QB, are 

calculated and listed in Table 5.3.  
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Table 5.3 Effective VBBHs of QBs (фhn ) for LED 1, LED 2, and LED 3 

 LED 1 LED 2 LED 3 

фh2  251.9 meV 367.1 meV 269.16 meV 

фh3  250.3 meV 427.1 meV 321.19 meV 

фh4  249.3 meV 471.4 meV 368.15 meV 

фh5  248.1 meV 502.1 meV 406.93 meV 

 

As фhn increases with the increase in Al composition in the QBs, the values of фhn are 

found to be high in LED 2 and LED 3 compared to LED 1. This supports the improved 

hole confinement and increased hole concentration in the active region. However, a very 

high фhn can also affect the hole transportation in the active region at the same time, which 

is in the case of LED 2. Moreover, already the hole injection efficiency is poor in LED 2, 

altogether the hole concentration is very low in LED 2, as shown in Figure 5.7(c). In this 

regard, LED 3 has a smaller value of фhn as compared to LED 2 due to again GSQB 

structures. Altogether, due to effective hole injection efficiency along with a comparable 

height of фhn in the active region, hole concentration in LED 3 is relatively evenly 

distributed as compared to other LEDs. Overall, the hole concentration in the active region 

of all three LEDs is 7.2 × 1016 cm-3, 4.8 × 1015 cm-3, and 7.8 × 1016 cm-3, respectively.  

Table 5.4 Values of the Electron and Hole Wave Function Spatial Overlap Levels in the 

Active Region for LED 1 and LED 3 

 1st QW (%) 2nd QW (%) 3rd QW (%) 4th QW (%) 5th QW (%) 

LED 1 34.36 28.39 26.86 26.03 25.14 

LED 3 33.77 34.96 34.94 32.77 29.32 

 

Importantly, the overlap level of electron and hole wave functions in the active region 

for LED 1 and LED 3 are summarized in Table 5.4. It is seen that even though the hole 

concentration of LED 3 is close to LED 1, the proposed structure in LED 3 improves the 
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electron and hole wavefunctions overlap level as compared to LED 1. As a result, the 

radiative recombination is significantly increased in LED 3, as depicted in Figure 5.7(d). 

 

Figure 5.7 Calculated (a) electron concentration, (b) electron leakage, (c) hole 

concentration, and (d) radiative recombination of LED 1, LED 2, and LED 3. 

 

Table 5.5 Comparison of IQE and Output Power of LED 1, LED 2, and LED 3 

 LED 1 LED 2 LED 3 

Max. IQE (%) 35.69 at 3.26 mA 29.46 at 0.04 mA 44.34 at 9.66 mA 

IQE (%) at 60 mA 16.53 1.56 35.17 

IQE (%) droop 53.68 94.7 20.68 

Power at 60 mA (mW) 6.52 0.616 13.9 

 

Figures. 5.8(a) and 5.8(b) show the IQE and output power of all three LEDs as a 

function of current injection. The electroluminescence (EL) spectra of the three LEDs are 

depicted in Figure 5.8(c). As shown in Figure 5.8(a), LED 3 exhibits the maximum IQE of 

44.34%, whereas it is only 35.69% and 29.46% in the case of LED 1 and LED 2, 
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respectively. In addition, the droop in the IQE during 0 mA-60 mA injection current is 

remarkably reduced to 20.68% in the proposed structure as compared to 53.68% and 94.7% 

in LED 1 and LED 2, respectively. This is due to the enhanced carrier transportation and 

confinement in the active region, thereby reducing electron overflow into the p-region 

because of GSQBs in the proposed structure. As presented in Figure 5.8(b), the output 

power of LED 3 is 2.13 times higher than LED 1 and 22.56 times higher than LED 2. As 

shown in Figure 5.8(c), LED 3 depicts higher EL intensity as compared to LED 1 and LED 

2 at the emission wavelength of ~284 nm due to improved radiative recombination in the 

active region. EL intensity of LED 3 is ~2.12 times higher than LED 1 and ~22.24 times 

higher than LED 2. Different parameters related to IQE and output power of three LED 

structures are summarized in Table 5.5. 

 

Figure 5.8 Calculated (a) IQE, (b) Output power, and (c) EL intensity of LED 1, LED 2, 

and LED 3. 
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5.6 Feasibility of Device Growth 

The proposed AlGaN deep UV LEDs using graded staircase barriers can also be realized 

by experimentation due to a simple device architecture. As different AlGaN based UV 

LEDs with thinner epilayers than our proposed structure have already been grown by 

MOCVD [146-148] and MBE [149, 150]. Therefore, it is anticipated that the proposed 

structure can also be grown by both MBE and MOCVD. 

5.7 Conclusion 

In conclusion, with the incorporation of GSQB structures, we have successfully designed, 

demonstrated and investigated the performance of EBL-free AlGaN UV LEDs emitting 

light at ~284 nm wavelength. The reduced thermal velocity and MFP of electrons improved 

the electron capture efficiency in the multi QWs, thus electron overflow was suppressed 

eminently. Also, carefully engineered GSQBs promoted the hole injection by forming 

negative sheet polarization charges and improved the spatial overlap of the electron-hole 

wavefunction. Overall, the proposed LED design provides the solution for the electron 

leakage problem and opens a new path for the realization of high-power UV light emitters. 
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IMPROVED LIGHT-EXTRACTION EFFICIENCY OF AlInN NANOWIRE 

DEEP-ULTRAVIOLET LIGHT-EMITTING DIODES 

 

6.1 Introduction 

AlGaN semiconductor is extensively studied for UV LED structure due to its direct energy 

bandgap in the wavelength range of ~200 nm to 365 nm. However, the performance of 

these UV LEDs is severely limited due to poor EQE. Electron leakage into the p-region 

[151], poor LEE [152] mainly due to the total internal reflection, and absorption of UV 

light in the p-GaN contact layer [153] are a few of the probable reasons for the low EQE. 

Moreover, as the high Al composition AlGaN quantum wells possess unique optical 

polarization properties, this results in dominant transverse-magnetic (TM) [E // c-axis] 

polarized output in the UV regime [62, 154]. As the TM polarized light propagates 

horizontally, LEE of light emitting from the top surface is severely limited. Due to these 

problems, the EQE of AlGaN based UV LEDs has been reported to be less than 10% for λ 

< 300 nm [63, 155]. Different techniques have been proposed for the improvement of the 

LEE of deep UV LEDs including patterned sapphire substrates, surface roughening, rolled-

up nanotubes, photonic crystal patterns, and flip-chip design, but with very limited success 

[156-160].    

 Recently, nanowire-based UV LEDs have been demonstrated, which show 

significant improvement in the performance compared to the thin-film counterpart due to 

various reasons [161-165]. Large surface-to-volume ratio in nanowires can relax the lateral 

stress effectively through the sidewalls, thus the bulk region can be nearly dislocation free 
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and can be grown directly on different foreign substrates. Apart from this, reduced 

polarization fields defect densities in the active region and low strain-induced polarization 

fields are the key reasons leading to the achievement of significantly improved light 

extraction efficiency. There are studies available on enhancing the LEE of AlGaN 

nanowire UV emitters [64], emission from the lateral surfaces of nanowire ensembles 

[166], but the LEE of the TM polarized light emitting from the top surface is still low. 

Recently, the first AlInN nanowire LEDs emitting light in the UV range of 290 nm – 365 

nm is reported. These AlInN nanowire UV LEDs exhibit high IQE and strong TM polarized 

emission [167]. It is worthwhile to mention that AlInN nanowire-based deep UV LEDs 

show better performance in terms of IQE and output power as compared to AlGaN based 

deep UV LEDs due to enhanced carrier transport and reduced electron leakage into the p-

region [141]. It is highly desired to extract the TM polarized photons from the top surface 

for practical application. However, research on the polarization-dependent LEE for AlInN 

based nanowire UV LEDs is very limited to the best of our knowledge. In recent studies, 

it is shown that using the nanowire photonic crystals for GaN-based nanowires and by 

controlling the nanowire radius, spacing between the nanowires and morphology of 

nanowires through selective area epitaxy, luminescence emission intensity and stability can 

be enhanced significantly [166, 168, 169].  

In this study, epitaxial growth using MBE, electrical and optical properties of 

randomly grown AlInN nanowires on Si (111) substrate is demonstrated. Further, a detailed 

study of ordered AlInN nanowire array UV LEDs is performed using FDTD simulation, 

which has been widely used in the analysis of optical properties of III-nitride light-emitters 

[63, 160, 170]. The light extraction properties of AlInN nanowire LEDs has been studied 
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at 299 nm for different photonic crystal structure arrangement with hexagon and square 

lattice of nanowires and compared the results with the random arrangement. The simulation 

results show that the dominant light emission direction is from the nanowire top surface 

albeit the light is TM polarized and the photonic crystal structures could improve the LEE 

much more than random structures by controlling the nanowire radius and spacing between 

the nanowires.  The efficiency is low for random nanowire structures due to the light 

multipath scattering among adjacent nanowires. This may localize the light inside the 

nanowires or increase the length of the light escaping path [171].  

6.2 Experiment and Results 

Figure 6.1(a) illustrates the schematic of an AlInN nanowire LED structure. These 

nanowires were spontaneously formed on n-Si (111) substrates under nitrogen-rich 

conditions using a Veeco GEN II MBE system equipped with a radio-frequency plasma-

assisted nitrogen source. GaN nanowires were n-type doped using Si and p-type doped 

using Mg. The growth conditions for GaN include a growth temperature of ~ 770 °C, 

nitrogen flow rate of 1 sccm, and forward plasma power of ~ 400 W. The device active 

region consists of a 40 nm undoped Al0.75In0.25N well, sandwiched in between ~100 nm n-

Al0.78In0.22N and ~100 nm p-Al0.78In0.22N barriers. To increase the In incorporation in 

AlInN segments, the active region was grown at a relatively low temperature of ~ 670 – 

700 °C. Moreover, the nitrogen flow rate was kept at 2.5 sccm and plasma power was fixed 

at 400 W during the epitaxial growth of the active region. Further information regarding 

the growth condition for the AlInN nanowire LED structure can be found elsewhere [167]. 

After growing the nanowires using MBE, the LED sample was then fabricated using the 

standard lithography method and detailed methodology for the fabrication can be found 
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elsewhere [167]. The device characterization was performed on LED with area size of 

500×500 µm2. 

 Figure 6.1(b) illustrates a 45 degree-tilted scanning electron microscope (SEM) 

image of the grown AlInN nanowire LED sample. The nanowires exhibit relatively 

uniform morphology and size. The wire diameter is in the range of 80 nm to 100 nm. 

Further, to perform a photoluminescence (PL) experiment, a 266-nm laser (Kimmon Koha) 

was used as the excitation source. The signal from the nanowire LEDs is spectrally resolved 

by a high-resolution spectrometer and detected by a photomultiplier tube. As depicted in 

Figure 6.1(c), the AlInN nanowire LEDs exhibit strong emissions in the UV wavelength 

range. As presented in Figure 6.1(c), the peak emission at ~299 nm is responsible for the 

emission from the AlInN quantum well whereas the emission from the AlInN barriers is at 

~280 nm and the emission from the GaN segment is recorded at ~368 nm. 

 

Figure 6.1 (a) Schematic structure of AlInN nanowire UV LED on Si substrate, (b) 45o 

tilted scanning electron microscopy image of randomly grown AlInN nanowire UV LED 

sample on Si, (c) photoluminescence spectrum of AlInN nanowire UV LED. The emission 

peaks at 280 nm, 299 nm and 368 nm confirms Al0.78In0.22N, Al0.75In0.25N quantum well, 

and GaN layers. 
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Next, current-voltage and electroluminescence (EL) characteristics were studied on 

fabricated nanowire UV LEDs as presented in Figure 6.2. From the current-voltage 

characteristics presented in Figure 6.2(a), it is found that turn-on voltage is ~5V and 

leakage current is less than 1 µA (at -8V). The optical microscopic image of the fabricated 

AlInN nanowire UV LEDs is shown in the inset of Figure 6.2(a). As illustrated in Figure 

6.2(b), the AlInN nanowire UV LEDs have strong EL intensity with a peak wavelength at 

~299 nm.  

 

Figure 6.2 (a) I-V characteristic of AlInN nanowire UV LED. The inset figure shows 

picture of the fabricated device. (b) Electroluminescence spectrum of AlInN UV nanowire 

LED under 200 mA injection current and LED exhibit strong emission at 299 nm 

wavelength. The inset figure shows EQE as a function of current density of AlInN 

nanowire UV LED. 

 

The inset of Figure 6.2(b) illustrates the EQE of the LED and it is observed that the 

EQE reaches its peak value at significantly higher current densities ~70 A/cm2 which is 

attributed to the higher SRH recombination coefficient due to nonradiative surface 

recombination caused by the very large surface-to-volume ratio of nanowires [142]. 

However, there is no efficiency droop observed up to an injection current density of 350 
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A/cm2. The relative EQE is measured at room temperature and under pulse biasing 

conditions (1% duty cycle) to eliminate the self-heating effect. Nanowires exhibit 

significantly reduced polarization field and dislocation density, compared to thin-film 

counterparts due to the effective strain relaxation. Therefore, efficiency droop-related 

mechanisms such as polarization field, electron and hole wave function separation in the 

quantum well, defect assisted Auger recombination, and electron leakage may be greatly 

reduced or eliminated [172-178]. 

6.3 Simulation & Results 

Next, the LEE enhancement of the AlInN nanowire UV LEDs was studied using photonic 

crystal structures. To calculate the LEE of AlInN nanowire UV LEDs with different 

nanowire arrangements, FDTD analysis was done [179-181]. The LED structure used in 

the simulations consists of a random, square and hexagonal array of nanowires as depicted 

in Figure 6.3. Each nanowire in the array consists of 200 nm of n-GaN on Si substrate, 100 

nm n-Al0.78In0.22N, 40 nm i-Al0.75In0.25N quantum well, 100 nm n-Al0.78In0.22N and 5 nm of 

p-GaN layer. Selective area growth approach, a well-establish technique can be used to 

grow hexagonal and square periodic nanowire arrays [182-185].  

 

Figure 6.3 Top view of the simulated (a) Random array, (b) Square array, (c) Hexagonal 

array of AlInN nanowire UV LEDs.  
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The lattice constant and radius of the nanowires are defined as a and r, respectively. 

To avoid the reflection of outgoing waves back to the simulation space, the entire device 

with a side length of 2.5 μm is enclosed with 12 perfectly matched layers (PMLs) boundary 

conditions [186]. In the FDTD simulation, PML parameters such as attenuation factor (σ) 

and auxiliary attenuation coefficient (κ) are set to 0.25 and 2, respectively [166]. A 

minimum mesh step size of 0.25 nm and a maximum mesh step of 20 nm is used during 

the simulation. The refractive indices of the n-/p-Al0.78In0.22N, Al0.75In0.25N and n-GaN/p-

GaN regions considered in the simulations are 2.275, 2.266 and 2.625, respectively [187, 

188]. The absorption coefficients of n-/p-Al0.78In0.22N, Al0.75In0.25N and n-GaN/p-GaN 

regions considered in the simulations are 70000 cm-1, 79000 cm-1 and 170000 cm-1, 

respectively. For all the simulations, a single TM-polarized dipole source with the emission 

wavelength of 299 nm was positioned for estimating in the center of the active region. This 

is appropriate for estimating LEE for a large area LED device [170] as the previous study 

has shown that the use of multiple dipole sources results in a non-physical interference 

pattern which is undesirable for analysis of the optical properties of LEDs [189]. The 

source power monitors are used to measure the total power generated in the active region 

from the dipole source and these source power monitors are placed around the dipole 

source. To measure the total output power radiated out of the LED structure, output power 

monitors are placed around the UV LED nanowire structures. In this study, the absorption 

of light from the substrate is considered while calculating the LEE. Five output power 

monitors are used except the bottom monitor during calculations. The LEE is calculated as 

the ratio of the light output power measured by the output power monitors to the total 
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emitted power in the active region measured by the source power monitors. Table 6.1 

summarizes the different parameters and their values used in the simulation.  

Table 6.1 Different Parameters and Their Values Used During Simulation 

Parameters 

Considered values 

during simulation 

Refractive index of n/p-GaN 2.625 

Refractive index of n/p- Al.78In.22N 2.266 

Refractive index of i-Al.75In.25N 2.275 

Absorption coefficient of n/p-GaN 170000 cm-1 

Absorption coefficient of n/p- Al.78In.22N 70000 cm-1 

Absorption coefficient of i- Al.75In.25N 79000 cm-1 

Attenuation factor 0.25 

Auxiliary attenuation coefficient 2 

Mesh step size 0.25 – 20 nm 

Temperature 300 K 

Dipole source TM mode 

Center wavelength 299 nm 

Simulation domain 2.5 µm × 2.5 µm 

 

 In the simulation study, first, the random nanowire UV LEDs are considered, which 

is a spontaneously grown nanowire array as shown in Figure 6.3(a). The structural 

randomness in this structure is introduced by dislocating the nanowires to random positions 

compared to periodic nanowire UV LEDs. The number of nanowires for random structure 

is the same as the number of nanowires in the hexagonal lattice structure for 2.5 µm of side 

length. The radius of the randomly grown nanowires varies from 40 nm to 64 nm, which 

is suitable for the MBE growth experiment. The average LEE for the randomly distributed 

nanowire array was observed to be around 20% to 33%. For every independent study, LEE 

was measured from both the top surface as well as the from the sides and found that out of 
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100%, around 75% of total LEE is being emitted from the top surface whereas around 25% 

is being emitted from the sidewalls of the nanowires. This suggests that, albeit the light is 

TM polarized, the dominant light emission direction is from the nanowire top surface, due 

to the strong light scattering effect [162]. However, the LEE for the random array of 

nanowires is found to be very low. Then, the variation of LEE for the square and hexagon 

topologies as shown in Figure 6.3(b) and Figure 6.3(c), respectively is investigated with 

respect to the key parameters for the periodic array such as nanowire radius and lattice 

constant.  Here the light absorption from the top p-GaN and metal layer is not considered. 

During the simulation, the radius ranges of 40-64 nm and spacing ranges of 145-300 nm 

were considered. Spacing represents the center-to-center distance of adjacent nanowires.  

 To gain a complete understanding of the dependence of LEE on nanowires 

geometry, the contour plots of the LEE vs. nanowire radius and spacing for both the 

topologies of nanowire arrays are depicted in Figure 6.4. As shown in Figure 6.4(a), for 

the square array, the maximum LEE of ~56% was calculated at the spacing of 195 nm and 

radius of 40 nm. For hexagonal nanowire array, the maximum LEE is found to be ~63% at 

the spacing of 230 nm and radius of 60 nm as illustrated in Figure 6.4(b). It is understood 

that the geometry of the nanowire plays an important role in directing the generated 

photons from the active region to the air. It is also found that the maximum LEE of the 

hexagonal array of nanowire LED is higher than that of the square array. This could be 

related to the fact that the symmetry of the hexagonal array is higher than that of the square 

array, due to which guided modes in more directions can be transformed into radiation 

modes for hexagonal array [169, 190]. Therefore, optimized nanowire radius and spacing 

between the nanowires along with the arrangement of the nanowires could help to 
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overcome the total internal reflection at the semiconductor and air interface, improve the 

escape probability of the light and consequently increase the LEE. However, in the case of 

random nanowire UV LED design, multiple scattering of light inside the nanowires takes 

place due to spatially random and high contrast refractive index nanowires, which may 

localize the light inside the nanowires and causes the reduction of LEE. Therefore, the 

periodic array of nanowire LEDs are highly desired for light propagation through the 

structure to the surrounding air. 

 

Figure 6.4 Contour plot of the LEE vs. nanowire radius and spacing for (a) square array, 

(b) hexagonal array of AlInN nanowire UV LEDs. 

  

Photonic band structures of both these topologies were calculated based on the 

above-optimized parameters using MIT photonic-bands (MPB), which is an open-source, 

three-dimensional Eigen solver [191]. In Figure 6.5, the calculated photonic band 

structures of square and hexagonal arrays are plotted. The black line, known as the light 

line, separates the band diagram into two areas. The grey area above the light line 

corresponds to the continuum of radiation modes, while modes below the light line are 

guided modes that are confined within the nanowire arrays. In guided modes, light only 

propagates in the epitaxial layer because of satisfying the total internal reflection (TIR) 
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condition, however in radiated mode light can be emitted up or down to the outside of the 

LEDs because it does not satisfy the TIR condition [169, 192]. The red line, which 

represents the frequency of concern (a/λ) in this paper, lies at a location with few guided 

modes for the square array as shown in Fig. Figure 6.5(a), however, the red line lies in the 

gray area for the hexagonal array as shown in Figure 6.5(b), indicating the existence of 

radiated mode in the structure. This supports the vertical emission of the extracted light for 

TM polarized emission. 

 

Figure 6.5 Photonic band diagrams of (a) square array and (b) Hexagonal array of AlInN 

nanowire UV LEDs. Horizontal red lines indicate the frequency of concern.  

  

Next, the percentage of LEE for both the topologies was investigated from the top 

and sides of the nanowire and derived the contour plot of the LEE vs the nanowire radius 

and spacing as shown in Figure 6.6. The simulation results in both cases support the vertical 

emission of the LEE, although the nanowire structure favors highly TM-polarized emission 

[162]. For example, for the maximum LEE of ~56% in the case of a square array, ~41% of 

light extraction can be achieved from the top surface as shown in Figure 6.6(a), while ~15% 

of light extraction is obtained from the side walls of the nanowires as shown in Figure 
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6.6(b). Similarly, for the maximum LEE of ~63% in a hexagonal array, ~60% of light 

extraction can be achieved from the top surface as shown in Fig 6.6(c) while only ~3% of 

light extraction is obtained from the side walls of the nanowire as shown in Figure 6.6(d).  

 

Figure 6.6 Contour plot of the LEE from top and sides vs. nanowire radius and spacing for 

square (a, b) and hexagonal (c, d) array structures of AlInN nanowire UV LEDs.  

 

The vertical emission of TM polarized light can be affected by the top p-GaN 

contact layer as compared to the lateral side extraction of TM polarized emission. To 

further analyze the impact of the p-GaN layer, the variation of LEE vs thickness of the p-

GaN layer is studied and plotted as depicted in Figure 6.7. The maximum LEE of the square 

lattice array for no p-GaN layer is observed to be ~55% at the radius of 40 nm and spacing 

of 195 nm and that of the hexagonal lattice array is observed to be ~63% for the radius of 

60 nm and spacing of 230 nm, respectively. It is seen that with the increase in p-GaN 

thickness, LEE shows an overall decreasing trend due to the absorption in the thick p-GaN 

layer, which is like that observed in conventional planar LED structures. To achieve 
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maximum LEE, it is important to optimize the nanowire height and p-GaN thickness and/or 

replace p-GaN with a less absorptive and transparent p-AlGaN contact layer [59, 64]. 

 

 

Figure 6.7 Variation of LEE vs. the thickness of p-GaN layer of AlInN UV LEDs. 

6.4 Conclusion 

In summary, we have demonstrated a high crystalline quality of AlInN nanowire LED 

structures with stable and strong EL emission at ~299 nm peak wavelength. Further, the 

light extraction characteristics are studied for different nanowire photonic crystal structure 

arrangements including hexagon and square lattices and compared the results with that of 

the random nanowire arrangement. Our simulation results show that the LEE of the square 

array and hexagonal array can reach ~56% and ~63%, respectively. However, for random 

nanowire arrays, the average LEE is around ~33% due to light multipath scattering among 

adjacent nanowires which localizes the light inside the nanowires. Therefore, ordered 

nanowire arrays exhibit higher LEEs compared to randomly arranged nanowire arrays. 

This work also provides a promising approach for fabricating high-efficiency UV nanowire 

LEDs using AlInN based semiconductors. 
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DESIGN, FABRICATION, AND CHARACTERIZATION OF III-NITRIDE 

RESISTIVE RANDOM-ACCESS MEMORY (RRAM/ReRAM) DEVICES 

 

7.1 Introduction 

7.1.1 Motivation 

In the present era, almost every electronic device has a memory element either attached 

externally or embedded with it and the requirement of memory devices is consistently 

increasing with the emerging of personal electronics including smartphones, digital 

cameras, computers etc. The ideal characteristics of a memory device are high density i.e., 

to store a large amount of data in a given die area so that the cost per bit of information 

stored can be minimized [193], good endurance (> 1016 cycles) i.e., the highest number of 

write/erase (or program/ erase) cycles that can be performed before the memory cell 

becomes unreliable, long retention i.e., the amount of time for which the information can 

be retained within the cell and must be at least 10 years for any practical application (>3 × 

108 s) [194], fast programming and access speed (< ns) so that the time spent on reading 

data from and writing data into the memory can be minimized and low power consumption. 

However, it is quite difficult to have a single memory device with all the above-mentioned 

properties. Based on the functionality and performance, the current memory system has a 

well-known classification such as static random-access memory (SRAM) and dynamic 

random-access memory (DRAM) volatile memories, and non-volatile memory like Flash 

 Technology which is short for “flash electrically erasable programmable read-only 

memory”. The word “read-only” is a bit confusing since thesedays Flash memories can be 
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erased and programmed many times. Flash technology is a non-volatile memory storage 

medium that can be electrically erased and reprogrammed. The Flash technology has 

scaling limitations below 20 nm due to which several emerging memory technologies have 

been studied [195]. This is to continue the device scaling, further along, to achieve as many 

properties of an ideal memory device as possible to fulfill the future information storage 

requirements. Resistive random-access memory (RRAM/ReRAM) is one among those. 

RRAM is a promising alternative for Flash technology owing to its simple structure, high 

density, lower programming voltage and faster write/read speed, thus the initial target of 

RRAM technology development is to replace FLASH for mass storage applications.  

7.1.2 Working principle of the RRAM device 

RRAM device consists of a dielectric layer sandwiched in between the top and bottom 

electrodes as depicted in Figure 7.1(a) and works by changing the resistance across the 

dielectric layer by the application of external voltage. The pristine RRAM device is initially 

in a high resistance state (HRS) and relies on the formation, referred to low resistive state 

(LRS) and the rupture, referred to as HRS of conductive filament (CF). Based on the 

symmetry of I-V characteristics, RRAM can be classified into unipolar and bipolar devices. 

In unipolar device switching, the switching between LRS and HRS does not depend on the 

polarity of the applied voltage. i.e., switching can occur on applying a same polarity of 

voltage, but different magnitude. Here, during SET process compliance current (CC) needs 

to be applied to protect the filament generated during the process and no CC is applied 

during RESET to generate large current to break the CF. Thus, in unipolar devices, RESET 

current is usually higher than the SET current. On the other hand, in bipolar switching the 

LRS and HRS of the device depends on the polarity of the applied voltage, i.e., a transition 

https://en.wikipedia.org/wiki/Non-volatile_memory
https://en.wikipedia.org/wiki/Computer_memory
https://en.wikipedia.org/wiki/Storage_medium
https://en.wikipedia.org/wiki/Storage_medium
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from HRS to LRS occurs at one polarity (either positive or negative) and the opposite 

polarity swiches the RRAM device back onto the HRS. In bipolar devices, the RESET 

current is much less as compared to unipolar devices, and thus it is more power efficient. 

In this work, bipolar RRAM devices are studied. Figure 7.1(b) depicts a sketch of I-V 

characteristics for a bipolar RRAM device. Here, for the SET operation, positive voltage 

is applied and negative voltage is applied for the RESET operation.  

     

Figure 7.1 (a) Schematic of RRAM structure, (b) I-V characteristics of a bipolar RRAM 

 

The working principle of the RRAM device is schematically shown in Figure 7.2. 

Upon the application of voltage to the top electrode, metal ions or defects get migrated 

through the dielectric layer where electric field, current density and local temperature are 

maximized within the device area. A string of vacancies forms a CF along with the oxide 

and switches the RRAM to a LRS, also called a SET process. Usually, the required voltage 

to switch from HRS to LRS for pristine devices is higher than the regular set voltage. This 

voltage is known as the forming voltage and the process is called the forming process. In 

bipolar devices, the subsequent application of opposite polarity of the voltage to the top 

electrode causes the metal ions or defects to migrate back to the top electrode that ruptures 

the CF, and eventually RRAM switches back to HRS, also known as the RESET process.  
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Figure 7.2 Working principle of RRAM device. 

           Source: [196] 

 

7.1.3 Current State of the RRAM Technology for Different Dielectric Materials 

In the early 1960s, few of the initial studies on the RRAM device using various oxide 

materials were already reported [197, 198].  Since Samsung demonstrated transition metal 

oxide (TMO) memory array integrated with the 0.18 µm silicon CMOS technology in 2004 

[199], several studies have been focused on different binary oxides such as NiOx  [200], 

TiOx [201], CuOx [202], ZrOx [203], ZnOx [204], HfOx [205, 206], TaOx [207], AlOx [208], 

and many others because of compatibility with silicon CMOS fabrication process. The 

switching behavior of the RRAM device is greatly affected by the choice of electrode 

materials. Different materials such as elementary substance electrodes (Al, Ti, Cu, Ag, W, 

Pt, etc), silicon-based electrodes (n-doped and p-doped Si), alloy electrodes (Cu-Ti, Cu-

Te, Pt-Al, etc), nitride based electrodes (TiN, TaN), oxide based electrodes (Al doped ZnO, 

Ga doped ZnO, ITO) have been studied as electrodes for RRAM devices [209]. The list of 
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metal oxide materials along with different combination of top and bottom electrodes 

materials that have been used recently in the RRAM device fabrication are provided in 

Table 7.1.  

Table 7.1 Various Oxide-based RRAM Studies  
Year TE Dielectric BE Retention Endurance 

(cycles) 

Vf 

(V) 

Vset 

(V) 

Vreset 

(V) 

Icc 

2007 [210] Ti ZrO2 Pt NS >104  8.8 1 - 5 mA 

2008 [211] Pt ZnO Pt NS >102  3.3 -2 -1 NS 

2008 [205] TiN TiOx/HfOx TiN ~105 sec >106  FF 1.5 -1.4 25µA 

2008 [212] Pt NiO Pt/Ti NS NS 5V ~1 ~3.5 1mA 

2009 [213] Cu TiO2 Pt NS NS NS 0.8 -1.5 300µA 

2009 [214] Ti MnO2 Pt >104 sec >105 NS ~0.7 ~1.1 5mA 

2010 [215] Al/Ti Al2O3 Pt 104 sec >103 FF 1.5 ~2 ~1mA 

2010 [216] Au ZrO2 Ag ~104 sec >500 FF -0.5 0.6 1mA 

2011 [217] TiN HfOx/AlOx Pt NS 106 ~8 2.5 -3 300 µA 

2012 [218] Pt ZnO Pt >106 sec >106 4 1.2 -0.5 3mA 

2013 [219] Ta TaOx/TiO2 Ti >104 sec >1012 FF 5 -4 ~ -6 NS 

2014 [220] TiN HfO2 Pt 104 sec NS FF -4.3 6 NS 

2015 [221] W/Zr HfO2 TiN NS >106 2 0.5 - 50µA 

2015 [222] Ti HfO2 TiN 104 sec 1010 NS 3 -3.5 1mA 

2016[223] Ti/W TiOx/MgO Ru NS >103 FF 1.4 -1.8 8mA 

2017 [224] TiN/Ti TiO2-x Au >105 sec >50 FF -0.5 < 1 1-200nA 

2018 [225] ITO Zn2TiO4 Pt >104sec >500 25 0.6 -0.6 1-10mA 

2019 [226] Ni AlOx Pt >104sec 150 FF <1.5 -1 1mA 

2020 [227] TiN/Al AlOx Pt 104 sec >100 3.3 1.4 -1.1 1mA, 

5mA 

 

7.1.4 Nitride-based RRAM Technology 

The phase diagram of Al-N system is very simple and similar to that of the oxides [228]. 

Therefore ionic switching could also be possible in AlN material like in oxides [229]. AlN 

material can be considered as a potential candidate and alternative resistive switching (RS) 

layer for emerging non-volatile RRAM applications [230-239] due to their large energy 

bandgap (6.2 eV), high electrical resistivity (~1014 Ωcm), excellent dielectric properties 

(dielectric constant is 12.4), high hardness and good chemical and thermal stability [240, 

241]. It is highly possible to achieve a large ON/OFF ratio in the case of AlN-based RRAM 

devices due to its wide bandgap, high electrical resistivity and high thermal conductivity 
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(134 W/cm K) which is desired. Another important point, metallic nitrides, such as TiN, 

WN and TaN, are commonly used as electrode materials in semiconductor fabrication 

foundries. This makes a semiconducting nitride such as AlN more attractive RS layer than 

oxides for RRAM. This approach reduces the chemical complexity and thermodynamic 

instability of an interface between an electrode nitride and a RS oxide layer by using all 

metal-nitride layers [242]. Also, the stable properties of AlN could be helpful in exhibiting 

high reliability in endurance and long retention periods [231]. III-nitride-based memory 

devices are also desirable with the integration of matured III-nitride high-electron-mobility 

transistors (HEMTs) and create a new generation of integrated circuits [243]. In addition, 

due to having a higher energy bandgap, thermal conductivity, thermal stability along a high 

breakdown field (0.95 MV/cm), emerging AlN is identified as an ideal candidate for 

memory applications in harsh electronics [244]. 

In this work, the switching capability of AlN as a RS layer is studied. Here, Ti (10 

nm)/TiN (100 nm) acts as a bottom electrode (BE) and Ti (10 nm)/Pt (100 nm) works as a 

top electrode (TE). Here Ti is used as an adhesive layer. The AlN layer is sandwiched 

between the TE and BE; in which filament formation happens that is responsible for the 

switching. To find out the optimized AlN RS layer and the device size for high endurance, 

the thickness of the switching layer is varied from 2 nm to 100 nm and the considered 

device sizes are 10×10 µm2, 20×20 µm2, 50×50 µm2, and 100×100 µm2. 

7.2 Fabrication  

In this study, Pt/Ti/AlN/TiN/Ti devices are fabricated with multiple device sizes on SiO2/Si 

substrates to study resistive switching behavior. The fabrication is started with a 2-inch 

silicon wafer covered by 270 nm thermally grown SiO2 layer, which was used as the device 
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substrate. First, the wafer was cleaned using acetone and IPA to remove organic 

contamination. After that, Ti and TiN were sputter-deposited using the AJA sputter tool. 

The chamber pressure of around 1×10-8 torr was maintained during deposition. During the 

deposition process, first Argonne cleaning was done at a flow of 40sccm and pressure of 

16mTorr for 60sec, followed by a 10 nm Ti layer was deposited to serve as an adhesion 

layer at a pressure of 3mTorr, power of 400W and Ar flow of 30sccm. Then a100 nm TiN 

layer was reactive sputtered which serves as the bottom electrode at a pressure of 3mTorr, 

power of 400W, Ar and N2 flow of 15sccm.   

 After depositing the bottom electrode, different thicknesses of the switching layer 

i.e., AlN was deposited using both atomic layer deposition (ALD) and sputter deposition 

techniques. For AlN thicknesses with 2 nm, 5 nm, and 10 nm, ALD was used at 300°C 

temperature, 290W RF power and the deposition rate was 0.585A° per loop. To deposit 20 

nm, 50 nm and 100 nm of AlN, AJA reactive sputtering was used at a pressure of 3mTorr, 

power of 400W, Ar and N2 flow of 15sccm.   

 Next, a 50 nm of SiO2 isolation layer was deposited using Oxford plasma-enhanced 

chemical vapor deposition (PECVD). For this, the wafer was loaded into the chamber, then 

the chamber pressure was pumped down and the chamber temperature was raised up to 

300°C. At 140W power, the deposition rate was roughly 290 nm/min. 

In the following steps, the SiO2 layer was patterned. First, the priming process was 

done using liquid priming. For that, HMDS solution (typically 10%-20% HMDS in 

PGMEA) was applied to the static wafer. The solution was allowed to remain on the surface 

for 10secs, then spun off at a rate of 3000 rounds per minute (rpm) for 60sec to dry the 

wafer. PGMEA displaces the majority of any water on the surface of a bare wafer and 
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HMDS then displaces the silanol layer and binds to keep the surface dehydrated. Basically, 

HMDS improves the photoresist (PR) adhesion to the wafer surface. After primer, S1813 

positive photoresist was applied and spun off at the rate of 3000 rpm for 60 sec followed 

by a one-minute soft bake at a temperature of 90°C. After soft bake, PR was exposed for 

8sec using an ABM contact aligner. The exposed PR was then developed using MIF 726 

positive PR developer for 60sec. After developing the PR, SiO2 was removed using 6:1 

buffer oxide etchant (BOE) to remove SiO2. 

Next, the wafer was loaded into the e-beam evaporator chamber for the top metal 

deposition. Ti and Pt sources were added into separate turrets. Then the cryopump was 

turned on to reach a base pressure around 2×10-6 Torr. During the evaporation, a 10 nm Ti 

layer was evaporated first to serve as an adhesion layer followed by a 100 nm Pt layer was 

deposited which serves as the top electrode. 

Finally, after depositing Pt, the lift-off process was followed to remove the PR and 

get the final device. For lift-off, the wafer was kept in acetone for 30 minutes and 

ultrasonicated for 1 min, subsequently cleaned using IPA and DI, and dried using an N2 

gun. Figure 7.3(a) shows the schematic diagram of the flow of the fabrication procedure 

and Figure 7.3(b) shows the optical image of the top view of the fabricated devices with 

the device size of 20×20 µm2. 
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Figure 7.3 (a) Schematic diagram for different steps of device fabrication, (b) optical 

image of the top view of the fabricated devices with device size of 20×20 µm2. 

 

7.3 Characterization 

The electrical properties of the fabricated RRAM devices were measured using Keysight 

B1500A semiconductor device parameter analyzer and cascade Microtech probe station. 

During measurements, CC was carefully chosen for each of the devices to avoid 

breakdown. Figure 7.4 illustrates an I-V characteristic of AlN based RRAM device with 

the device size of 10×10 µm2 and AlN RS layer thicknesses including 5 nm, 10 nm, 15 nm, 

and 20 nm. The CC was set to 10 nA during the measurements. It is found that the set 

voltage is ~4V. It is expected that set voltage will be reduced by reducing the thickness of 

the AlN layer and it is indeed found that when the AlN thickness is reduced, the set voltage 

also reduced from ~4 V to ~2.3 V. This is because by reducing the RS layer thickness, the 

distance between the top and bottom electrodes will be reduced. This would reduce the 
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required voltage to accumulate sufficient vacancies for the switching. Further, the 

endurance of the RRAM device depends strongly on the cell size, wherein better endurance 

in RRAM devices with larger device sizes is reported [245].  

 

Figure 7.4 I-V characteristics of TiN/AlN/Pt RRAM device with AlN thickness of (a) 5 

nm, (b) 10 nm, (c) 15 nm, and (d) 20 nm. HRS: High resistance state, LRS: Low resistance 

state, CC: Compliance current. 

 

Our main objective is to build highly-stable ultra-low-power (few nano-Watts 

(nWs)) III-nitride RRAM devices which are a necessity for lower power computing 

applications. In this chapter, we have reported AlN RRAM devices which required only a 

few nWs of power to exhibit the device switching. However, the lower CC causes more 
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variability in SET and RESET characteristics and unstable conducting filament results to 

have not good endurance and retention properties [209]. In this regard, our next plan is to 

study the endurance and retention capabilities of our AlN RRAM devices. Further, it is 

also possible to reduce the SET voltage by creating more nitrogen vacancies in the AlN RS 

layer for a particular thickness. This could be achieved by integrating the optimized 

capping layer between AlN RS layer and TE. 

7.4 Conclusion 

In conclusion, we have carefully designed and fabricated the non-volatile AlN RRAM 

devices. Further, sharp resistive switching capabilities of the AlN RS layer are confirmed 

with the help of electrical characterization. It is observed that the SET voltage is reduced 

with the AlN RS layer thickness. Importantly, these AlN RRAM devices have a switching 

capability at a very low CC of 10 nA which is promising for low power applications.  
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CONCLUSION & FUTURE OUTLOOK 

 

In this dissertation, we have explored the design, fabrication, and characterization of III-

nitride semiconductor devices for photonic and memory applications. We have reported 

highly stable, efficient, and truly white LEDs using InGaN/GaN dot-in-a-wire structure 

with the integration of two additional InGaN quantum wells grown using plasma-assisted 

molecular beam epitaxy. This special design of nanowire LED achieves the internal 

quantum efficiency of 58.5% without any virtual droop. Our developed theoretical model 

reveals that coupled QW before the active region reduces electron lMFP thus boosting up 

the electron capture efficiency in the multiple quantum wells. It is also evident from the 

simulation results that integrated QW after the active region tremendously reduces electron 

leakage.  

Electron leakage is one of the critical challenges in AlGaN deep UV LEDs which 

is severely limiting device performance. Different device design approaches have been 

presented here to address the electron leakage issue. First, we have band-engineered the 

EBL and optimized the device structure that is capable of mitigating the electron leakage 

from the active region and improving hole injection thus can emit bright light. We have 

proposed the replacement of conventional EBL with novel DSGS EBL which increases the 

effective CBBH without affecting the hole transportation. This specially designed UV LED 

improves power by ~3.54 times for ~254 nm wavelength UV LEDs and prevents electron 

leakage >10 times from the active region. Second, we have systematically designed QBs 

and introduced concave QBs in the AlGaN UV LED structure with ~284 nm wavelength 

emission. Our careful investigation of this structure has shown that specially designed 
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concave QBs are favorable for cooling down the hot electrons before entering into the QWs 

thus achieving lower electron lMFP and velocity. This resulted in improving the electron 

capture capability in QWs, notably reducing electron leakage from the active region and 

output power by ~1.35 times. Third, we have designed the QBs with graded staircase 

structures and proposed EBL-free AlGaN UV LED. This EBL-free approach could 

successfully mitigate the electron leakage problem significantly without affecting the hole 

injection efficiency like in the conventional EBL approach. This structure exhibited 

significantly reduced thermal velocity, tremendously decreased electron leakage, reduced 

the quantum-confined Stark effect in the active region. As a result, both the internal 

quantum efficiency and output power of the GSQB structure are ~2.13 times higher than 

the conventional structure at 60 mA. Moving forward, these device design schemes 

presented here can be extended experimentally to investigate the improvement in the 

device performance for the nanowire AlGaN UV LEDs. The reported structure provides a 

promising approach for achieving high efficiency/power UV light emitters for practical 

applications.  

Though AlxIn(1-x)N semiconductor holds great potential applications in UV and 

visible light-emitting devices, it has not been widely explored due to difficulties in epitaxial 

growth. Going forward, we have demonstrated the high crystalline quality of the first 

AlInN nanowire UV LED structures grown using plasma-assisted molecular beam epitaxy 

with stable and strong EL emission at ~299 nm peak wavelength. Further, the light 

extraction characteristics are studied for different nanowire photonic crystal structure 

arrangements. Our calculations show that 63% of the light can be extracted using the 

optimized hexagonal photonic crystal array and the dominant light emission direction is 
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from the top surface of nanowires. This work also provides a promising approach for 

fabricating high-efficiency UV nanowire LEDs using AlInN based semiconductors. 

 We have further studied the resistive switching capabilities of AlN-based RRAM 

devices. These RRAM devices can be utilized for low power applications due to the 

switching capabilities at a very low CC of 10 nA. Moving forward, the impact of lateral 

and vertical scaling on the switching performance, endurance and reliability study on these 

devices can be done. Further, AlN RRAM devices can be studied using flexible substrates 

for wearable electronics applications and neuromorphic applications.  
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