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ABSTRACT 

EPITAXIAL GROWTH OF III-NITRIDE NANOSTRUCTURES AND THEIR 
OPTOELECTRONIC APPLICATIONS 

 
by 

Moab Rajan Philip 

Light-emitting diodes (LEDs) using III-nitride nanowire heterostructures have been 

intensively studied as promising candidates for future phosphor-free solid-state lighting 

and full-color displays. Compared to conventional GaN-based planar LEDs, III-nitride 

nanowire LEDs exhibit numerous advantages including greatly reduced dislocation 

densities, polarization fields, and quantum-confined Stark effect due to the effective lateral 

stress relaxation, promising high efficiency full-color LEDs. Beside these advantages, 

however, several factors have been identified as the limiting factors for further enhancing 

the nanowire LED quantum efficiency and light output power. Some of the most probable 

causes have been identified as due to the lack of carrier confinement in the active region, 

non-uniform carrier distribution, and electron overflow. Moreover, the presence of large 

surface states and defects contribute significantly to the carrier loss in nanowire LEDs. 

In this dissertation, a unique core-shell nanowire heterostructure is reported, that 

could overcome some of the aforementioned-problems of nanowire LEDs. The device 

performance of such core-shell nanowire LEDs is significantly enhanced by employing 

several effective approaches. For instance, electron overflow and surface states/defects 

issues can be significantly improved by the usage of electron blocking layer and by 

passivating the nanowire surface with either dielectric material / large bandgap energy 

semiconductors, respectively. Such core-shell nanowire structures exhibit significantly 

increased carrier lifetime and massively enhanced photoluminescence intensity compared 



 

to conventional InGaN/GaN nanowire LEDs.  

Furthermore, AlGaN based ultraviolet LEDs are studied and demonstrated in this 

dissertation. The simulation studies using Finite-Difference Time-Domain method (FDTD) 

substantiate the design modifications such as flip-chip nanowire LED introduced in this 

work. High performance nanowire LEDs on metal substrates (copper) were fabricated via 

substrate-transfer process. These LEDs display higher output power in comparison to 

typical nanowire LEDs grown on Si substrates. By engineering the device active region, 

high brightness phosphor-free LEDs on Cu with highly stable white light emission and 

high color rendering index of > 95 are realized.  

High performance nickel–zinc oxide (Ni-ZnO) and zinc oxide-graphene (ZnO-G) 

particles have been fabricated through a modified polyol route at 250°C. Such materials 

exhibit great potential for dye-sensitized solar cell (DSSC) applications on account of the 

enhanced short-circuit current density values and improved efficiency that stems from the 

enhanced absorption and large surface area of the composite. The enhanced absorption of 

Ni-ZnO composites can be explained by the reduction in grain boundaries of the composite 

structure as well as to scattering at the grain boundaries. The impregnation of graphene into 

ZnO structures results in a significant increase in photocurrent consequently due to 

graphene’s unique attributes including high surface area and ultra-high electron mobility. 

Future research directions will involve the development of such wide-bandgap 

devices such as solar cells, full color LEDs, phosphor free white-LEDs, UV LEDs and laser 

diodes for several applications including general lighting, wearable flexible electronics, 

water purification, as well as high speed LEDs for visible light communications.
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CHAPTER 1  
 

INTRODUCTION 

1.1 Development of III-Nitride based Optoelectronics Application 

AlN and InN were synthesized for the first time in 1907 and 1910 by Fichter et al. and 

Schröter et al., respectively [1, 2]. Later, Johnson et al. demonstrated the first GaN material 

by reaction of Ga with ammonia in 1932 [3]. In 1969, Maruska and Tietjen at RCA 

laboratories fabricated the first large-area epitaxial single crystalline GaN film on a 

sapphire substrate via hydride vapor phase epitaxy/chemical vapor deposition (HVPE) [4]. 

In 1971, Pankove et al. developed the first blue GaN light-emitting diode (LED) using the 

metal-insulator-semiconductor type structure [5]. In the same year, Dingle et al. showed 

optically pumped GaN needles that exhibited stimulated emission [6].  

Maruska et al. fabricated the first violet electroluminescent diode in 1972. 

However, the poor quality of the grown epilayers hindered the progress of GaN devices as 

most of the optical and electrical results were not reproducible. In this regard, modern 

growth techniques such as metal-organic chemical vapor deposition (MOCVD) and 

molecular beam epitaxy (MBE) were made in earlier 1970’s especially in 1971 and 1974 

that lead to further development and progress of III-nitride growth [7, 8]. By instituting 

buffer layers, considerable efforts to optimize growth conditions were made, and thus in 

1983 Yoshida et al. added an AlN layer grown at low temperature between the sapphire 

substrate and the GaN using MBE. This two-step method for growing GaN films on 

sapphire was later improved using MOVCD by Amano et al. in the late 1980’s where they 

showed that an AlN layer grown at 500 °C, followed by GaN growth at 1050 °C produced 

smooth surfaces with low background carrier density and high room temperature 
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photoluminescence (PL) intensity [9, 10].  

Preceding to 1986, the research on GaN based LEDs met with two major 

challenges, including obtaining the p-type GaN and materials of high quality. The early 

GaN films were unintentionally doped n-type and p-type doping was almost impossible to 

achieve. Doping of GaN with zinc, (the standard element which provides p-type doping in 

GaAsP and GaP), magnesium, cadmium, mercury, and germanium to realize p-type doping 

plagued researchers on account of the poor crystal quality and impurity contamination. 

However, Akasaki et al. successfully grew a high-quality GaN film on a sapphire substrate 

via a two-step growth approach in 1988, which have now been widely implemented across 

the industries. Later in 1989, Akasaki’s same group realized p-type doping for the first time 

in GaN by doping with magnesium (Mg) during GaN growth and then activating the 

acceptors via low energy electron beam irradiation (LEEBI) [11, 12]. This understanding 

of p-type growth then quickly led to the world’s first GaN based p-n junction LED in 1989. 

In 1992, Nakamura et al. developed a new technique of obtaining p-GaN using a very cost-

effective approach, by annealing GaN film under N2 ambient at a high temperature [13]. 

Nakamura et al. showed that acceptor activation can be also occurred after thermal 

annealing. These developments resulted in the realization of the mass production of GaN 

LEDs.  

In the early 1990’s, ternary alloys were finally realized. InxGa1-xN films on sapphire 

with different values of x were grown by Matsuoka et al. in 1992 [14], and later Nakamura 

et al. reported InGaN/GaN heterostructures [15]. Khan et al. [16] and Itoh et al. [17] were 

the first to grow AlGaN on GaN. These developments lead to a boom in GaN research in 

the mid-to-late 1990’s. The first electrically injected laser diode in the blue spectrum range 

was reported by Nakamura’s group in 1996. Visible wavelength regime LEDs in the green 
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and blue electromagnetic spectra soon became commercially available from Nichia 

Laboratories. Research on GaN-based lasers also progressed rapidly with reports on 

surface mode emission, optical gain, optically pumped lasers, and injection lasers. Since 

2000, ultra-violet (UV) LEDs in the UV spectrum range from 210 nm to 380 nm have also 

been reported by different groups [18-21]. Apart from LEDs, the InGaN/GaN based laser 

diodes started gaining interest. As the material quality and device structure were being 

improved, several laser diodes with higher performance are being reported. 

1.2 Motivations of Using III-Nitride Semiconductor and III-Nitride Nanowires  

Group III-nitride semiconductors including GaN, InN, AlN, and their alloys have been 

gaining attention as one of the most prominent semiconductors due to their direct and wide-

bandgap nature. Additionally, the ability to tune bandgap energy of III-nitride 

semiconductors in a wide-range of the electromagnetic spectrum, ranging from the deep 

UV (AlN, Eg = 6.2 eV) through the visible and to the infrared range (InN, Eg = 0.7 eV) via 

bandgap engineering makes them vital for majority of the photonic devices such as laser 

diodes and LEDs.  

III-nitride based electronic and photonic devices hold great potential in a variety of 

applications including solid-state lighting (SSL), medical equipment, high-density optical 

storage, water purification, and for the space and military industries also. To list a few of 

the devices, high power, high temperature and high frequency electronic devices based on 

GaN field effect transistors and hetero-bipolar transistors and high luminous efficiency and 

mechanical robustness of GaN LEDs are some of the major devices under severe 

exploration in the photonics industry. Figure 1.1 lists the bandgap energy and lattice 
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constants for some of the most common indirect and direct bandgap semiconductors used 

in the photonics industry. 

 
 

 

Figure 1.1 Bandgaps vs lattice constant for most common elemental and binary 
semiconductors at room temperature. 
Source: [22].  
 
 

Compared to their conventional planar counterparts, III-nitride nanowires exhibit 

significantly better performance including largely free of dislocations and piezoelectric 

polarization field, due to the effective lateral strain relaxation associated with the large 

surface-to-bulk-volume ratio [23]. Additionally, recent studies have shown that nearly 

defect-free III-nitride nanowires can be grown virtually on any substrates [24]. Moreover, 

due to their significantly reduced dimensions, III-nitride nanowires offer a new avenue to 

scale down the dimensions of future devices and systems. In the past decade, a broad range 

of III-nitride nanowire optoelectronic devices have been demonstrated, including LEDs, 

lasers, photodetectors and solar cells among many others. Strain relaxation through 

fabricating quantum wells (QWs) into a nanorod array structure is reported to reduce the 
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electron-longitudinal-optical phonon coupling strength, which is closely associated with 

the Indirect Auger recombination (IAR) process [25]. Thus, nanorod structure is often 

linked with potential minimization of the efficiency droop observed in III-nitride planar 

films.  

Furthermore, the vertically aligned grown nanowires of small diameters, offer much 

improved lateral stress relaxation while being grown on a lattice mismatched substrate. 

Therefore, the stress in the epilayer is effectively accommodated in a nanowire structure. 

Because of this, nanowires offer a larger critical thickness to form dislocations and the 

crystal quality is superior in contrast to its planar counterpart [26]. 

1.3 III-Nitride Material Properties  

III-nitride semiconductor materials can be either of three crystallographic structures 

including a cubic zinc-blende, hexagonal wurtzite or rock-salt structure. The formation of 

rock-salt structure is possible only under high pressure [27, 28]. Hexagonal wurtzite 

structure is the most stable crystalline structure under ambient conditions for the III-nitride 

semiconductors when compared to the cubic zinc-blende and rock-salt structure. Both zinc 

blende and wurtzite phase can coexist under the various parameters used for crystal growth. 

The cubic structure is thermodynamically metastable and wurtzite structure is 

thermodynamically stable. Figure 1.2 depicts a typical GaN hexagonal wurtzite structure.  

The hexagonal wurtzite structure of III-nitrides consists of two interpenetrating 

hexagonal close-packed (HCP) sub-lattices, and each HCP sub-lattice is composed of six 

atoms of each type. For GaN, this requires each Ga atom to be surrounded by four N atoms 

and vice versa. The crystal lattice of the hexagonal wurtzite structure is defined by two 
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lattice constants, a in the basal plane and c in the perpendicular direction to the basal plane, 

and a microscopic dimensionless parameter u. The internal parameter u represents the 

interatomic distance within the basic unit cell of a hexagonal wurtzite phase structure, 

which is defined as the bond length between cation and anion divided by c lattice 

parameter. 

 

 

Figure 1.2 III-nitride hexagonal wurtzite crystal structured unit cell. 
Source: [29]. 
 
 
 
Table 1.1 Lattice Parameter Values for III-Nitride Hexagonal Phase Semiconductors 

 
 
 
 

Binary alloy a (A0) c (A0) c/a ratio u 

InN 3.5170 5.6850 1.616 0.379 

GaN 3.1894 5.1861 1.626 0.3789 

AlN 3.1120 4.9808 1.600 0.3869 
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Table 1.1 lists the lattice parameter values for wurtzite III-nitrides. Internal 

parameter u is equal to 3/8=0.375, and the ratio of c/a is always 1.633 in an ideal wurtzite 

structure. But on account of the strong ionic bonding resulting from the large differences 

in the electronegativity of the Group III-metal atoms and nitrogen atoms, III-nitrides are 

not ideal wurtzite structures, which results in the parameter u always higher than 0.375 and 

the c/a value always lower than 1.633, as listed in Table 1.1. The unit cell distortion of III-

nitrides from the ideal wurtzite structure results in polarization charge along the c-axis, 

which is referred to as spontaneous polarization. The value changes from 0.034 C/m2 for 

GaN through 0.042 C/m2 for InN to 0.090 C/m2 for AlN along the opposite to the [0001] 

direction. Moreover, due to the lack of inversion symmetry in the unit cell of a wurtzite 

group III-nitride semiconductor, the polarity of a structure causes much more concern.  

 
 

 

Figure 1.3 Different polarities (Ga and N-face) of wurtzite GaN. 
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Figure 1.3 represents the Ga and N polar surfaces grown for III-nitrides. The 

directions of spontaneous polarization in III-nitride semiconductors having different 

polarities, Ga-polar and N-polar, are illustrated in Figure 1.4 respective to the [0001] 

direction.  

 
 

 

Figure 1.4 Spontaneous polarity direction in III-nitrides w.r.t polarity (Ga and N-polar) 
along the [0001] direction. 
Source: [30]. 
 
 

The (0001) and (0001�) surfaces of the wurtzite structure are not equivalent which 

results in having distinctive chemical properties. Ga and N atoms are arranged in bilayer 

and the polarity of III-nitride material is typically defined by the top layer. If the top layer 

is metal/Ga it is metal/Ga polar and otherwise it is N-polar. The (0001) and (0001�) polarity 

depends on whether Ga atoms or N atoms lie at the top of bilayer as shown in Figure 1.3. 

Normally, high-quality epitaxial GaN films deposited by MOCVD on c-plane sapphire 

substrates grow in the (0001) direction with Ga-faced surfaces, while MBE growth 
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commonly occurs in the (0001�) direction, yielding an N-faced film [31, 32]. The Ga-faced 

GaN usually have a smooth and more chemically stable surface. 

Large differences in the electronegativity between the group III-metal cations and 

nitrogen anions introduces a strong ionic bonding in the group III-nitride semiconductor. 

Moreover, the large variation in the bonding energies and ionic radii of the group III atoms 

(cations) lead to different lattice constants, bandgap energies, and electron affinities of the 

III-nitride semiconductors. The strong bond strength in III-nitrides leads up to superior 

thermal-and chemical stability for the wurtzite III-nitrides. These attributes lead to III-

nitride being an excellent candidate for future high power and high-temperature 

environment devices especially in the photonic and electronic industry. 

III-nitride wurtzite alloys are direct bandgap semiconductors having wide bandgap 

energy. The bandgaps of III-nitride binary alloys including InN, GaN and AlN are reported 

to be in the range of 0.7±0.05 eV, 3.52±0.1 eV, and 6.1±0.1 eV, respectively [33, 34]. By 

controlling the mole fraction of each binary component in the ternary or quaternary alloys, 

tunable bandgap alloys can be engineered.  

𝐸𝐸𝑔𝑔(𝐴𝐴𝑥𝑥𝐵𝐵1−𝑋𝑋𝑁𝑁) = 𝑥𝑥𝐸𝐸𝑔𝑔(𝐴𝐴) + (1 − 𝑥𝑥)𝐸𝐸𝑔𝑔(𝐵𝐵) − 𝑏𝑏𝑥𝑥(1 − 𝑥𝑥) (1.1) 

The effective bandgap of ternary combinations, such as InxGa1-xN, AlxGa1-xN, and 

InxAl1-xN, can be determined theoretically by Vegard’s Law by making use of the mole 

fraction of the binary alloys and their fundamental bandgap energies, as reported in 

Equation (1.1). Eg (A) and Eg (B) represents the bandgap energies of binary alloy A and B, 

respectively, x is the alloy mole fraction in AxB1-xN alloy, and b is the bandgap bowing 

parameter that is unique to each compound and determined experimentally. The notation 

Eg (AxB1-xN) refers to the bandgap energy of the engineered resulting ternary alloy.  
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The bandgap energies of each binary alloy and the bowing parameters for group III-

nitride ternary alloys are shown in the Table 1.2. 

 
 
Table 1.2 Vegard’s Law Employed in the Calculation of Bandgap Energy of Group III-
Nitrides 

 

1.4 Current Research Trend of GaN based LEDs  

In solid state LEDs, the electrons (from n-type semiconductor) and holes from the (p-type 

semiconductors), recombine radiatively emitting photons or visible light. LED essentially 

consists of a p-n junction on a chip of semiconductor material. Under a forward bias, light 

emission is realized by the electron–hole recombination at the active region/ junction 

between the p-n junctions in a semiconductor. The emitted photons thus have an energy 

approximately equal to the band gap of the active material. In homojunction 

semiconductors, light emission is obtained by electron-hole recombination between the p-

n junctions. However, in a double heterostructure LED the photon emission is achieved 

effectively by the recombination of electrons and holes in the smaller bandgap active region 

as opposed to the n- and p-type cladding layers in homojunction LEDs.  

 

Alloy Eg of A (eV) Eg of B (eV) Bowing Parameter 
“b” 

AlxGa1-xN 6.1 ± 0.1 3.52 ± 0.1 0.7 ± 0.1 

InxGa1-xN 0.7 ± 0.05 3.52 ± 0.1 1.6 ± 0.2 

InxAl1-xN 0.7 ± 0.05 6.10 ± 0.1 3.4 ± 1.2 
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Figure 1.5 Conduction band diagrams illustrating confinement and carrier diffusion in  
(a) a typical p-n junction, (b) a double heterostructure (heterojunction), and (c) QW 
heterostructure. As Wqw < Wdh, the carrier confinement is pronounced in a QW as 
compared to that of a double heterostructure leading to a higher carrier concentration in 
QW. 
Source: [35]. 
 
 

The active region of LED can be either of those including a depletion region as 

observed in a homojunction, QW or QD region incorporated in the barrier surrounded 

depletion region as in heterojunction or a small bandgap depletion region as seen in double 
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heterostructure p-n junction. As illustrated in Figure 1.5, in such a double heterostructure 

design with small bandgap sandwiched between n and p type materials, the electron and 

holes would be confined to the small band gap region as compared to being distributed 

along the whole diffusion length. Such device design leads to an enhanced carrier 

concentration and consequently a higher recombination efficiency. By embedding smaller 

bandgap single QW or multiple QWs in the active region, at small voltages, the quasi-

Fermi levels can be pushed into the bands, thus resulting in a higher carrier injection for 

the same voltage. 

The main adversity facing SSL technology is the development of LEDs, of 

ultrahigh efficiency, long term reliability, and tunable color emission featured 

monolithically integrated blue, green, and red devices. The GaN based semiconductor 

devices emitting light in visible and UV regime can be incorporated for multifunctional 

applications including liquid crystal displays (LCD) backlight [36-38], traffic lights [39], 

automotive lighting [40], biomedical diagnostics [41-43], disinfection [44-46], and water 

purification purposes [47, 48]. External quantum efficiency (EQE), which is the product of 

carrier injection efficiency, internal quantum efficiency (IQE) and light extraction 

efficiency (LEE) are the key criterion in estimating the performance of an LED device. 

LEDs employing conventional GaN based planar heterostructures are limited by their low 

IQE and low LEE. The low IQE in the GaN based LEDs has been explained by the presence 

of polarization fields, Auger recombination [49, 50], poor hole transport, 

defects/dislocations, and electron leakage and overflow [51-53].  

Due to their low power consumption, long lifetime, and eco-friendly 

characteristics, III-nitride based visible LEDs are currently widely employed in display- 

and general-lighting applications. The enhancement in the IQE and EQE have played a 
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crucial role in phasing out the conventional lighting sources such as incandescent and 

fluorescent lamps with high brightness LEDs [54]. Best blue LEDs exhibit the IQE of 

above 80 % at a current density of ~35 A/cm2 [55]. Even though the peak luminous 

efficiencies of LED-based lamps at relatively low currents far exceed those of incandescent 

and fluorescent lamps and have a better light quality, high efficiency and longer operating 

life [56-59], the efficiency of LED lamps at high currents decreases with increase in driving 

current, which is referred to as an efficiency droop, under high injection current densities. 

This efficiency droop is thus one of the most significant challenges faced by high power 

GaN LEDs. The origin of the efficiency droop is still controversial, and several possible 

mechanisms to correct this problem have been suggested. The most probable reasons are 

the presence of defects, polarization field, poor hole transport, Auger recombination, and 

electron overflow which are described in the following sections. 

Nanowire LEDs were developed later as compared to thin-film structures. 

However, they are emerging as a viable and prospective candidates for high performance 

GaN based devices. In nanowire devices, mechanisms that may contribute to efficiency 

degradation of GaN devices, such as dislocations, polarization fields, as well as the 

associated QCSE, are greatly reduced. Nanowire LEDs can be grown spontaneously using 

MBE on low cost, large area Si substrates [24, 60, 61]. Kikuchi et al. reported such 

nanowire LEDs with the embedded InGaN/GaN multiple quantum disk in 2004 [62]. 

Selective area growth can be utilized for realizing nanowire LEDs with well-defined 

position and size [63, 64]. The emission characteristics of such selective area grown 

nanowire LEDs can be tuned by the position and size of holes arrays on pre-patterned 

substrates. Nanowire LEDs offer an efficient light emission across from deep UV to near 

IR spectral range [65-67]. Different color emissions can be achieved by varying the In 
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composition of the InGaN active region. White-light LEDs, therefore, can be envisioned 

by mixing multiple color emissions from a single nanowire. Such white-light LEDs have 

been reported by various groups [67]. 

The performance of a nanowire LED is limited by the surface state defects, which 

can reduce the carrier injection efficiency and consequently the EQE by capturing carriers 

from the active region [68]. With the use of self-organized InGaN/AlGaN dot-in-a-wire 

core-shell nanowire arrays we can significantly improve carrier injection efficiency. In this 

structure, an AlGaN shell can be spontaneously formed on the sidewall of the nanowire 

during growth of the AlGaN barrier of the quantum dot active region, which can lead to 

drastically reduced nonradiative surface recombination [69]. 

1.5 Green-Gap Problem and ABC Model for III-Nitride LEDs 
1.5.1 Green-Gap 
 
The famous ‘green-gap’ depicted in Figure 1.6 is the main limitation in III-nitride LEDs 

industry [57, 58]. InGaN LEDs exhibit high EQE in the blue and violet region, though a 

drop in EQE is observed in the green/ yellow region. With an increase in In content in the 

active region, the lattice mismatch between InGaN and GaN increases, thus resulting in an 

increasing dislocation density and enhanced polarization fields. In other words, the material 

quality and also, the polarization effects get more pronounced with increase in In content 

in the longer wavelength region limiting the device performance.  
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Figure 1.6 EQE vs wavelength plot for visible LEDs. EQE is very low in 500-600 nm 
referred to as the ‘green-gap’. 
Source: [70]. 
 
 

The direct bandgap available for AlGaInP material is from 1.9eV (650 nm) to 2.2eV 

(560 nm). Be that as it may, AlInGaP LEDs display high efficiency in longer wavelength 

region but performs poorly in short wavelength region due to having indirect bandgap in 

that region [57, 71, 72]. The other major problem of III-nitride LEDs is efficiency droop.  

1.5.2 ABF Model for III-Nitride LEDs 

Considering the several reasons that are responsible for efficiency droop, namely the 

presence of defects, polarization field, poor hole transport, Auger recombination, and 

electron overflow, the IQE can be typically described by the ABF model [73, 74] where A, 

B and C represents the SRH non-radiative coefficient, radiative coefficient, and Auger 

coefficient, respectively. The function f(n) represents the carrier overflow outside the 

active region. We use an ABF model to study the various carrier recombination processes 

and the IQE of GaN-based LEDs. The IQE of GaN-based LED is given by Equation (1.2)  
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𝜂𝜂𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐵𝐵𝑛𝑛2

𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁2 + 𝑓𝑓(𝑛𝑛) 
(1.2) 

Where ηIQE is the internal quantum efficiency, n is the carrier density and A, and B are the 

Shockley-Read-Hall nonradiative recombination and radiative recombination coefficients. 

Auger recombination and any other high order carrier loss processes are described by f(N). 

f(N) also represents the carrier leakage outside the active region. Thus f(N) is generally 

used to describe any other higher-order carrier loss processes, such as Auger recombination 

and electron overflow. Mathematically, it can be written as CN3 + DN4 sometimes. In 

nanowire devices, due to the highly effective lateral stress relaxation associated with the 

large surface areas, it is expected that both the polarization fields and dislocation densities 

can be significantly reduced. However, because of the surface states and defects present 

and due to the large surface-to-volume ratios of nanowires it can lead to carrier loss in 

nanowire LEDs. Additionally, it has remained debatable whether Auger recombination 

plays an important role on the performance of GaN-based devices. 

1.6 Current Problems of III-Nitride LEDs  

Due to the lack of native substrates, conventional III-nitride planar heterostructures have 

very high dislocation densities that restraints the device performance and reliability. 

Moreover, the presence of large dislocation densities and strain-induced polarization field 

associated with large inter-layer lattice mismatch limits the traditional quantum well based 

LEDs performance. The efficiency droop in InGaN based LEDs which occurs at high 

injection currents thus limiting the realization of high brightness and high-power lighting 

when operating at high current levels also poses a challenge for the III-nitride lighting 
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industry. Extensive investigation is taking place to tackle this issue. Carrier delocalization, 

polarization field, Auger recombination, carrier leakage and poor hole transport are some 

of the reasons identified attributing to this efficiency droop.  

The following sections will describe these phenomena which attributes to lack of 

efficiency, or in other words, efficiency droop, in III-nitride LEDs in detail. 

 
 

 

Figure 1.7 Schematic depiction of injected current components into the LED device. 

 
 

Figure 1.7 shows how the carrier loss mechanism in LEDs under injection current. 

LED efficiency is ideally 100% when every electron-hole pair injected to the LED device 

can generate a photon that escapes from the LED. Yet this is a theoretical scenario, 

excluding the electrical to optical energy conversion which is normally accompanied as 

losses during the process. The real scenario can be represented by the Equation (1.3). 

ηEQE =  ηINJ X ηIQE X ηEXE (1.3) 
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ηEQE is the external quantum efficiency referred to as the ratio of the number of 

photons emitted from the LED to the number of electrons passing through the device. ηINJ 

is the carrier injection efficiency that is the proportion of electrons passing through the 

device and injected to the device active region. ηIQE is the internal quantum efficiency/ 

radiative efficiency and is described as the ratio of the photons generated inside the 

quantum wells (QWs) to the total number of electrons injected into the LED. ηEXEis the 

optical or extraction efficiency and is defined as the ratio of photons emitted from the LED 

to the photons generated in the LED quantum wells active region, hence, it counts for the 

photons lost inside the LED. 

1.6.1 Polarization 

III-nitride semiconductors exhibit wurtzite crystal structure. These hexagonal structures 

are defined by the edge length a, height c, and u the anion-cation bond length along the 

(0001) axis in units of c as shown in Figure 1.2. The Ga-N bond shows large ionicity and 

hence, it possesses a large piezoelectric polarization component. In addition to the large 

piezoelectric polarization, the III- nitride semiconductors also exhibit strong spontaneous 

polarization in the wurtzite phase as shown in Figure 1.4. Piezoelectric polarization is also 

considered as strain induced polarization which is present due to the displacement of anion 

sub-lattice based on interface strain.  

When compared to spontaneous polarization, piezoelectric polarization plays a 

more important role in GaN based LEDs. Spatial separation of electron and hole is caused 

due to the increase in polarization field leading to increase in lattice mismatch. Therefore, 

radiative carrier recombination efficiency is also reduced. An internal built-in electric field 

greatly impacts the attributes of the quantum well active regions. Since electron-hole 
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separation is more dominant in wider wells, as compared to more narrow ones, optical gain 

and spontaneous emission are smaller in wider wells. A red-shift or a blue-shift may occur 

as a result of this phenomena. 

Polarization field, which plays a crucial role in degrading the performance of 

nitride-based LEDs arises because of the large lattice mismatch between the substrate and 

the epitaxial layer. The presence of polarization field, including the spontaneous and 

strained-induced piezoelectric polarization, spatially separates the electron and hole charge 

carriers within the quantum wells which is referred to as Quantum-confined Stark effect 

(QCSE) [75, 76]. The spatial separation of carriers arising from QCSE decreases the 

radiative recombination, thereby limiting the LED performance. 

 
 

 
 

Figure 1.8 Polarization effects on the conduction and valence band edges of a single QW. 
The electron and hole wavefunction doesn’t overlap completely as shown due to shifting. 
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Figure 1.8 depicts the conduction and valence band edges of a single quantum well 

when subjected to polarization. The electron and hole wave functions shown in the Figure 

1.8 are shifted to the right and left, respectively because of the field. In comparison to the 

symmetric wave function seen without polarization field, the asymmetric wave function of 

electron and hole reduces the overlap of confined electrons and holes and subsequently 

results in a low radiative recombination rate / radiative efficiency [72]. 

1.6.2 Crystal Defects and Dislocations 

InN and GaN have a large lattice mismatch of 11%. There are also a lack of suitable 

substrates for III-nitride semiconductors. Due to this, the developed LED heterostructures 

have very large crystalline defect densities. The dislocation density for GaN based 

heterostructures is typically in the range of 108 to 1010 cm-2 [77-79]. Buffer layers, growth 

conditions, carrier concentration and type of impurities are factors that determine the defect 

formation. These defects from intermediate energy levels, and the resultant nonradiative 

recombination that occur at these intermediary levels are called Shockley-Read-Hall 

nonradiative recombination. These nonradiative recombination can have an adverse effect 

on the device efficiency. In InGaN LEDs localized states such as clusters can be formed 

[80, 81] which are typically advantageous from carrier localization aspect. Nonetheless, 

these states gets saturated and can lead to efficiency droop at high injection currents [82].  

As described by the ABF model, parameter A is related to crystal defects and has 

an influence to the maximum achievable efficiency. Yet, efficiency droop may also occur 

depending on the quantum well carrier density or the carrier localization related to the non-

uniform indium distribution in the quantum well active regions. Hence, scientists have not 

been able to precisely determine the role of defects in the efficiency droop if GaN-based 
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LED, and this topic has been a subject of great interest. 

Large lattice mismatches between the III-nitride based material and the substrates 

such as sapphire, SiC and Si can be accounted to the origin of defect states and dislocations. 

These defect states in the bandgap act as Shockley–Read–Hall (SRH) non-radiative 

recombination centers, limiting the performance of GaN LEDs. In effect, SRH non-radiative 

recombination is enhanced in the presence of surface states and results in the slow rising trend 

of EQE under electrical injection [83]. The thickness of the epitaxial growth of layers on 

substrate beyond the critical thickness can account for the dislocations generated in the epi-

layers. The dislocations result in defect states in the bandgap and consequently severe 

degradation in the performance of the GaN LEDs. 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. Defect density is much more severe in case of 

planar GaN LEDs due to the lattice mismatch between the epitaxial layer and substrate 

surface, as well as lattice mismatch between epitaxial layers 

1.6.3 Spontaneous Emission  

Equation (1.2) shows the relation between spontaneous emission rate and carrier density. 

It can be seen that the spontaneous emission rate depicted by 𝜂𝜂𝐼𝐼𝐼𝐼𝐼𝐼 is proportional to n2. 

This holds true for low injection currents. However, at high injection currents, it shows a 

non-linear dependency on n. Using this relation, the following graph in Figure 1.9 has been 

plotted to show this dependency. The resulting IQE values are compared to the cases with 

constant B parameters. This relationship does not directly affect efficiency droop but 

lowers the barrier for the non-radiative process to trigger the efficiency reduction. 
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Figure 1.9 IQE curve with different radiative recombination coefficients (B0) and auger 
recombination coefficients (C0). 
Source: [84]. 
 
 

1.6.4 Auger Recombination 

During the non-radiative electron-hole recombination process, there is production of 

excess energy. This excess energy is utilized by electrons and holes in the same energy 

band and are then excited to higher bands themselves. This is referred to as the Auger 

recombination process. Auger coefficient C is used to describe the probability of the Auger 

recombination process. Wide bandgap semiconductors generally exhibit a smaller Auger 

recombination rate, when compared to semiconductors with a narrower bandgap [85]. For 

GaN (3.4 eV), the expected Auger coefficient C is 10-34cm6s-1. Nonetheless, much lower 

values (in the range of 10-30cm6s-1) have been reported for InGaN alloys. With these values, 

efficiency droop can be explained when assumed that the carrier leakage is nearly zero in 

the ABF model with A and B values being 107 s-1 and 2x10-11cm3s-1. 
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Figure 1.10 Different recombination processes in a semiconductor (a) SRH recombination 
(b) Radiative recombination and (c) Auger recombination. 

 
 

Evidently, efficiency droop increases as the Auger coefficient C becomes larger. 

Auger recombination, illustrated in Figure 1.10 which can be characterized as three-carrier 

nonradiative recombination process, is primarily responsible for performance degradation 

of GaN based LEDs at high injection currents. The excess energy released by the 

recombination of an electron-hole pair is transferred to a third carrier, which can be either 

an electron or a hole with high kinetic energy, which is then excited to a higher energy 

state. This in turn contributes to a large efficiency droop observed in GaN LEDs. By 

thermally releasing the excess energy, third carrier then gradually relaxes to the band edge.  

Auger recombination is more dominant at high current densities and highly doped 

materials [83, 86], since it involves three carriers and is proportional to the third power of 

carrier concentration. The Auger recombination rate is typically higher for narrow bandgap 

materials compared to wide bandgap materials such as GaN. Özgür et al. showed that in 

his works that wide bandgap materials like GaN, have ~50 times smaller Auger 

recombination rate rather than narrow bandgap materials such as GaAs. Shen et al. 
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characterized the Auger recombination coefficient for InGaN/GaN quantum well LEDs in 

the range of ~ 10-30 - 10-31 cm6 s-1 [49]. 

In the Auger process as shown in Figure 1.10, an electron and a hole are 

recombined, and the excess energy released from this process is transferred to another 

electron. Auger recombination processes are reported to be either direct or indirect [87]. 

Indirect Auger recombination assisted by phonon and alloy scattering is the dominant 

factor that cause the large Auger coefficient, which affects the efficiency of nitride-based 

devices at high currents while direct Auger recombination is typically weak in the same 

nitride-based devices [87]. Iveland et al. reported that Auger recombination can be 

accounted for the observed efficiency droop in InGaN/GaN quantum well LEDs [88]. 

Guo et al. though reported a much smaller value of 10-33 cm6 s-1 for the Auger 

recombination coefficient in InGaN nanowires [89]. Similar to that, a small Auger 

coefficient was also reported by Nguyen et al. w.r.t the temperature dependent emission 

characteristics of dot-in-wire white LEDs [83]. These studies strongly suggest that Auger 

recombination plays a negligible role only on the nanowire LED performance. However, 

scattering induced indirect Auger recombination is used to explain large efficiency droop 

rather than direct intraband Auger recombination [87]. Electron-phonon interaction [90], 

charge defects and alloy induced symmetry reduction are reported as some parameters that 

assist indirect Auger recombination. Auger recombination coefficient for InGaN alloys can 

be high as ~ 10-31 cm6s-1 as regards to indirect auger recombination effects [50, 91, 92].  
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1.6.5 In-homogeneous Carrier Distribution 

 

 
 

Figure 1.11 Simulated band diagrams and hole concentrations for LEDs with InGaN/GaN 
MQW LEDs under +6 V forward bias at 300 K .Hole distributions within the QWs are 
shown by thick solid lines while dashed lines represent quasi-fermi levels. 
Source: [93]. 
 
 
Holes have high effective mass and hence low mobility. Due to this, the hole mobility in 

LED active regions may be inefficient. Therefore, injected holes are majorly located close 

to the p-doped GaN layer and this concentration tapers off as it approaches the n-type side. 

The simulated band diagrams and hole concentrations for InGaN/GaN based MQW LEDs 

are illustrated in Figure 1.11.  

On the contrary, electrons have a more uniform carrier distribution throughout the 

device. This leads to highly inhomogeneous carrier distribution throughout the LED device 

active region. The hole density reduces steeply from p-GaN to n-GaN, resulting in non-

uniform hole distribution in the MQWs. This issue can be addressed by reducing the barrier 

thickness. This would allow hole injection to occur more freely, therefore, reducing 

electron leakage. This would also lead to significantly augmented Auger recombination 

and increase in electron overflow, further limiting the optical emission efficiency at high 



26 
 

injection levels. P-doped active region, barrier thickness variation [93] and addition of a 

thin InGaN barrier next to p-GaN region [94] have been used as solutions to improve the 

performance of conventional InGaN/GaN QWs. 

1.6.6 Electron Overflow  

The aforementioned factors mentioned in the earlier sections include internal factors that 

affect efficiency. Electron overflow is however an external phenomenon and can result 

because of numerous possible situations. The band energy tilts because of the polarization 

fields, reducing carrier recombination. Nonuniform carrier concentration can also cause a 

polarization field to occur which leads to electron leakage out of the LED active region, 

which then can recombine with holes in the p-GaN region before they can reach the active 

region. Reduction in energy barrier due to the built-in polarization field is one of the main 

reasons for electron overflow. The presence of a polarization field causes the band gap to 

be tilted downward near the p-GaN region. This problem generally occurs in Ga-polar III-

nitride LEDs. To tackle this issue, electron blocking layer (EBL) is utilized between last 

quantum well and the p-GaN region, often made up of AlGaN due to its high band gap, 

thus increasing the barrier height for electrons in active region [95]. Yet, an EBL cannot 

completely rectify electron overflow, and efficiency droop can still occur. 

The GaN LED performance is limited by the poor hole injection caused by the 

heavy effective mass, and subsequent poor mobility of holes. While the electron 

distribution is rather uniform across the entire active region, the injected holes largely 

reside in the small region close to the p-GaN region. The highly non-uniform distribution 

of charge carriers leads to a significant enhancement in electron overflow, and subsequent 

efficiency droop at high injection levels. The presence of the polarization field could tilt 
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the band-edge and effectively reduce the barrier height for electrons, which results in 

electron overflow, and thus lowers the performance of the LED. These overflowed 

electrons can recombine with the holes in the p-GaN region, reduce the radiative 

recombination rate, and thus can degrade the LED performance. The non-uniform carrier 

distribution in the active region of the GaN LEDs is another significant mechanism which 

constraints the GaN LED performance. The poor hole mobility results in non-uniform 

carrier distribution in the active region of the GaN LEDs. The non-uniform carrier 

distribution in active region of the GaN LEDs reduces the radiative recombination rate and 

thus in overall promotes electron overflow. 

 
 

 
 
Figure 1.12 Electron overflow mechanism in the LED structure which depicts some 
overflowing electrons with enough energy out of the active region without recombining 
with holes. 

 
 

Figure 1.12 depicts the electron overflow mechanism happening in the LED 

structure. The electrons and holes-charge carriers injected into the device can recombine 

in the active region. However, some electrons having sufficient energy can surmount the 

barrier and flow out of the active region without recombining with holes. The electron 
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overflow has been reduced by implementing an EBL in the p-side of the LED. A wide 

bandgap AlGaN layer can be typically inserted between the active region and the p-side in 

the GaN LEDs to prevent the electrons from overflowing out of the active region. 

Nonetheless, the EBL could reduce the hole injection efficiency depending on the band 

offset. Nguyen et al. reported that by employing a p-doped AlGaN electron blocking layer 

in nanowire structures, electron overflow could be largely suppressed [96]. 

1.7 Dissertation Overview 

In this dissertation, the optical and electrical characteristics of nanowire-based light sources 

-especially in the visible and UV regime and the dye sensitized solar cell (DSSC) potential 

for Zinc oxide graphene (ZnO-G) and nickel-zinc oxide (Ni-ZnO) composites have been 

intensely studied. We have investigated several methods such as nanowire-based LEDs and 

approaches like flip chip nanowire-based LEDs to enhance the EQE of GaN based LEDs. 

Such claims have been supported by simulation and experimental results. We have further 

reported on the demonstration of full color tuning by controlling the In and Ga flux ratio 

in the quantum wells. Further, we reported phosphor-free white nanowire LEDs with 

improved LEE. Moreover, we have shown that the LEE of GaN LEDs can be significantly 

enhanced by integrating with nanowire arrays. The light extraction involves two successive 

steps, including the coupling from the light source to the tube and the subsequent emission 

from the tube to the air. We have enhanced the light extraction efficiency of deep UV LEDs 

using periodic array of nanowires. The emission of the guided modes could be inhibited 

and redirected into radiated modes utilizing nanowire structures. By polyol method we 

developed ZnO composites within our research.  
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Chapter 1 gives an overview about the advantages of GaN based structures, current 

problems of III-nitride structures and presents a compilation on the current status of the III-

nitride based device structures. 

Chapter 2 presents an overview of the MBE growth, device fabrication and 

characterization methods utilized for the GaN based LEDs. Finite difference time domain 

was employed to determine the LEE, specifically the software FDTD Lumericals. A 

nanowire structure can be utilized to inhibit the emission of the guided modes and redirect 

trapped light into radiated modes. We have investigated the LEE of LEDs using three-

dimensional (3D) finite difference time domain method. We have studied the dependence 

of light extraction efficiency with nanowire structural parameters such as the nanowire size 

and density and the p-GaN thickness, which play an important role on the light extraction 

efficiency. We have further investigated the effect of device sizes, as well as the random 

variation in the nanowire diameter and spacing on the light extraction efficiency. It is 

observed that an unprecedentedly large light extraction efficiency can be achieved. 

Chapter 3 presents the topic of controlling color emission of nanowire LEDs. This 

can be achieved by controlling the In/Ga flux ratio in active region or by altering nanowire 

packing density. This in turn results in a range of optoelectronic devices emitting light in a 

broad range spanning from deep UV to near IR. We have demonstrated highly stable, 

phosphor-free white light emission.  

Chapter 4 presents the potential of GaN based nanowire LEDs when compared to 

thin film LEDs, on account of their reduced QCSE for visible light communication (VLC). 

The reduced strain resulting from nanowire relaxation results in a higher bandwidth for 

VLC when compared to the conventional thin film based III-nitride system.  
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In Chapter 5, nanowire LEDs on flexible metal substrates are introduced. The 

arrangement and optimization of the nanowire structure followed by fabrication and flip 

chip nanowire design on copper contributed to a higher LEE in comparison to a typical 

nanowire structure. 

Chapter 6 introduces the MBE growth and simulation studies based on ultraviolet based 

AlGaN nanowire LEDs. Specifically, UV-B LEDs having immense potential in the 

biomedical industry have been demonstrated. Chapter 6 also illustrates the effect of optical 

absorption and the need for new alternate designs respective to AlGaN based UV LED. 

Chapter 7 and 8 introduces polyol based ZnO-G and Ni-ZnO composites, respectively 

and their potential for dye sensitized solar cell. The highly porous ZnO based composites 

displayed a higher efficiency than the bare ZnO counterpart. 

Chapter 9 lists the future work we plan to do. Micro LEDs for micro displays, ZnO 

nanowire LEDs by hydrothermal growth on silicon and transparent substrates including 

FTO, ITO and flexible substrate- paper and the potential of III-nitride based LEDs for 

VLC, are briefly mentioned. 
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CHAPTER 2  
 

DESIGN, EPITAXIAL GROWTH, FABRICATION AND DEVICE 
CHARACTERIZATION 

 
 
The research objective is to fabricate novel nanowire LEDs with high output power and 

reduced efficiency droop. To achieve these high performance nanowire LEDs, it requires 

careful design, epitaxial growth and device fabrication. In this chapter, the nanowire LED 

growth mechanism, fabrication process, and characterization principles are explained.  

2.1 Finite Difference Time Domain Method (FDTD) 

FDTD is a simple full-wave technique often employed to solve electromagnetics problems. 

FDTD which is thus a numerical analysis technique used for modeling computational 

electrodynamics (by calculating the approximate solutions to set of differential equations), 

is normally used as a time-domain method. This aids us in finding the solutions for EM 

wavelength scenario, that can cover a broad frequency range with a single simulation run 

and treat nonlinear material properties. Via a set of simulations in Finite Difference Time 

Domain (FDTD) Lumericals software, the device structure with the maximum LEE or 

optimum nanowire array arrangement decision can be made. This helps in attaining the 

best structure out of nanowires with minimum production cost. FDTD Lumerical software 

package, used in design aspect gives the user the flexibility to recreate a photonics 

environment that would closely resemble the fabricated LED performance. Device 

performance is often quantified in terms of externally emitted power, Pout. The other two 

parameters that’s used to study device performance includes wall plug efficiency (WPE) 

i.e., the ratio of electrical input power to optical output power, and the external quantum 
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efficiency (EQE or ηextr) which is the ratio of number of electrically injected carriers to 

externally observed photons. 

The conventional ray tracing calculation method is the commonly used approach in 

designing phase of optics when the feature size is much higher than the simulated 

wavelength of optical rays. But, when simulated objects dimensions are in the range of 

micron or nanoscale, the optical components will interact with the light by lot of 

mechanisms such as scattering, absorption and polarization effects, where optical rays are 

to be considered as electromagnetic waves. This makes the traditional method of tracing of 

optical rays invalid at submicron scale and paving the way for FDTD. Besides FDTD [97], 

the other common methods used for optical device analysis includes Finite Element Method 

and Beam Propagation Method. 

FDTD calculates the solutions for Maxwell’s equations for specific boundary 

conditions inside the complex geometries. When compared to approximate solutions like 

traditional ray tracing method, Maxwell’s differential equations are solved by the FDTD 

method to obtain accurate solutions for the propagation of EM waves. FDTD algorithms 

can compute Maxwell’s equations in a time-domain, thus paving the way for the 

calculation to fully cover the frequency range by Fourier transformation. The Maxwell’s 

curl equations in differential forms for a linear isotropic material in a source free region are 

mentioned as follows in Equations (2.1) and (2.2). 

 
∂H
∂t

= −
1
µ(r) ∇ X E 

(2.1) 

∂E
∂t

=
1
ε(r) ∇ X H 

(2.2) 
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In aforesaid equations, ε(r) and μ(r) represents the position dependent parameters - 

permittivity and permeability of the material. In two-dimension scenario, the fields are 

resolved into two transversely polarized modes referred to as the TM and TE modes. In space 

and time domain, the preceding equations are discretized using Yee algorithm principles [98]. 

In these equations E��⃗ , H��⃗ , μ, ε and σ represents the electric field, magnetic fields. medium 

permeability, medium permittivity and medium conductivity, respectively. 

By computing the ratio of total extracted light power to the total power emitted from 

active region of LEDs, the LEE can be calculated with the use of monitors. Extracted power 

from LED emission surface can be computed by integrating the Poynting vectors over far field 

projection surface. In the simulation, total power emitted from active region were calculated 

by surrounding the dipole with a box of power monitors to record the net outflowing power 

through integrating Poynting vectors in the near field of dipole source. In general, for the FDTD 

approach, we launch into the active region an adequately broadband and modulated Gaussian 

pulse or dipole source. The detectors placed around calculates the time varying electric and 

magnetic field. Via Fast Fourier Transform (FFT) of the fields computations in FDTD, the 

Poynting vector over the detectors is integrated and power transmission spectra are calculated. 

Thus, by making use of FDTD, nanowire LED structure can be optimized to have the 

maximum LEE. Within one simulation run, the FDTD approach could work out the resonance 

spectrum over a wide range of frequency. 

2.2 III-Nitride Nanowire Growth Mechanisms  

Most common techniques used in III-nitride nanowire fabrication are dry etching [99-101], 

direct reaction between Ga and NH3 [102, 103], molecular beam epitaxy [104-106], 

chemical vapor deposition [107], hydride vapor phase epitaxy [108] and chemical beam 
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epitaxy [109] etc. These techniques are classified into two approaches including top-down 

and bottom-up. The fabrication of nanowires via top-down approach is related to the 

utilization of dry etching, wet chemical etching or reactive ion beam etching fabrication 

methods. However, the structural quality of such fabricated nanowires depends on etching 

method employed, induced defects while etching and dislocations present in the material 

bulk. By controlling the growth conditions, virtually dislocation free nanowires with 

atomic perfection in both lateral and growth directions can be grown via bottom-up 

approach methods. The epitaxial growth of nanowire structures include the following 

growth techniques: Vapour-liquid-solid (VLS) phase epitaxy, selective area growth (SAG) 

and spontaneous growth of nanowires under nitrogen rich conditions. The growth 

mechanisms of these processes are described below. 

2.2.1 Vapour-Liquid-Solid Growth  

Wagner and Ellis introduced the VLS mechanism of nanowire growth in 1964 [110]. In 

VLS growth mechanism, Au, Ni, or Fe -metal particle serves as catalyst and aids in 

nanowire formation [111]. The growth process comprises of three main steps: I) the 

deposition of metal alloys and matrices, followed by the formation of liquid droplets on 

the substrate surface, II) crystal nucleation, and III) axial growth of nanowires, where the 

vapor reaches supersaturation with respect to the solid phase.  
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Figure 2.1 VLS growth process depiction: I) semiconductor in vapor phase is introduced 
into the system with metal catalyst on the substrate surface, II) the formation of liquid 
droplets on the substrate surface near or above the eutectic temperature, and III) 
supersaturation and the formation of nucleation sites and the nanowire axial growth. 

 
 

The low solubility of metal particles in growing semiconductor structures leads to 

a low melting temperature (eutectic point) in the alloy phase diagram, thus resulting in a 

VLS growth at temperatures of around or higher than the eutectic melting temperature. 

The. position and size of the metal particles and other growth parameters such as 

temperature and pressure define the position and diameter of nanowires grown by the VLS 

method. Growth rate and time determines the nanowire length.  

The growth rate relies on vapor supersaturation, which is impacted by the source 

concentration and substrate temperature. The growth kinetics influence the morphological 

configuration, nanowire orientation and other structural properties [112]. As commonly 

observed in the growth of III-V and group IV nanowires, growth along the <111> crystal 

orientation is generally preferred because of the reduction of the surface energy on the 

exposed sidewall facets [113]. Nanowires with catalyst size less than 10 nm along the 
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<001> direction have also been reported [114]. VLS technique grown III-nitride nanowires 

has been reported by techniques using a low pressure metal-organic vapour phase epitaxy 

[115], quartz tube furnace [116] and thermal chemical vapour deposition [117]. Highly 

uniform and vertically aligned GaN nanowires on c-Al2O3 substrates has been reported by 

Kang et al. by thermal CVD method using Ni catalysts [118]. Other substrates such as 

silicon, GaAs and GaP are often used for III-nitride nanowire growth [115].  

In nanowire growth assisted by metal catalyst, the metal catalyst generally remains 

on the tip of nanowires after growth and can be subsequently removed. But metal catalyst 

atoms during the growth stage can diffuse into semiconductor nanowires and thus may 

introduce impurities in the nanowires [119, 120]. These latter impurities can cause deep 

level trap states in the nanowire semiconductors and can lead to a reduced minority carrier 

lifetime. Thus, in overall, the emission efficiency or carrier collection will be reduced, thus 

degrading nanowire device performance [121, 122]. Figure 2.2 illustrates the VLS growth 

mechanism. 

2.2.2 Spontaneous Formation 

Under nitrogen rich conditions, III-nitride nanowires can be formed spontaneously without 

the use of any foreign metal catalysts [123, 124]. Since foreign metal catalyst is not used 

in this technique, catalyst droplet at the top of nanowires is not  observed [125]. Molecular 

beam epitaxy method is typically used for the spontaneous or self-organized growth of III-

nitride nanowires. The mechanism of the self-organization or spontaneous formation of 

InN and GaN nanowire heterostructures is still under ambiguity. A self-catalytic growth 

process wherein Ga and In droplets can serve as catalysts to assist the nanowire formation, 

is suggested as the reason behind the spontaneous formation of InN or GaN nanowires 
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[104, 105, 126]. However, Ga (or In) droplets at the tip or sidewall of the nanowires is not 

found present during the experimental observation [123-125, 127]. Figure 2.2 shows the 

schematic of III-nitride nanowire growth by MBE. 

 
 

 
 

Figure 2.2 Schematic of spontaneous growth of III-nitride nanowires by MBE including 
adatom absorption, desorption, diffusion, and nucleation processes. 

 
 

Thus, the diffusion-induced growth has been implied as the main driving factor 

behind the III-nitride spontaneous formation by MBE [106]. In this proposed model, the 

differences in sticking coefficients, surface energies and diffusion coefficients on various 

crystal planes is reported to be driving force / initiative behind the nanowire growth. Since 

the top surface has a lower chemical potential, adatoms diffuse from the nanowire sidewall 

to the top. Moreover, nanowire tip has a higher sticking coefficient than that on the 

nanowire sidewalls. These factors lead to Ga adatoms which are directly impinging on or 

within a surface diffusion length of the nanowire tip to be incorporated on the nanowire 

tip, thus leading to the axial nanowire growth.  

Proposed diffusion-induced mechanism still holds steady, with the fact that 

nanowire axial growth rate increases rapidly with the increase in substrate temperature, 
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because of the considerable enlarged surface migration of adatoms [106, 123]. Such self-

organized III-nitride nanowires typically display superior crystalline quality and 

uniformity, which makes them a prominent candidate for optoelectronic devices. 

2.2.3 Selective Area Growth  

This approach involves the nanowire growth on pre-patterned substrates. Selective area 

growth masks, such as SiO2, Ti, Au and Al are typically used [63, 64, 128-130]. Nanowire 

position, size, and aspect ratio can be controlled precisely to an extent with selective area 

growth method. The SAE technique offers better control while growing materials with 

controlled emission wavelengths. In SAE method, nanowire growth is predominantly 

determined by adatom migration, adsorption, and desorption on the exposed substrate 

surface as well as the masked region, which can be regulated by changing growth 

parameters such as substrate temperature and III/V flux ratios.  

 
 

 
 

Figure 2.3 (a) Nanoscale arrays developed by e-beam lithography process on a Ti mask on 
planar GaN template on c -plane sapphire substrate. (b) SEM image showing GaN 
nanowire arrays selectively grown in the opening apertures. 
Source: [131] 
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Desired nanowire structures can be obtained by designing masks of specific size 

and position of the patterns on the mask. Effects associated with the profile of the nanoscale 

masks, the anisotropic lateral overgrowth, and faceting should be considered though in 

SAE approach growth of nanowires. Via metal-organic chemical vapour deposition 

through a selective growth mask, high-quality and uniform GaN nanowires with precisely 

controlled positions and diameters can be grown [63]. By employing a set of nanohole 

arrays arranged in a triangular lattice, which was fabricated on a Ti (5 nm) film by focused-

ion-beam etching, highly uniform GaN nanocolumns can be grown as well [64]. Figure 2.3 

depicts the scanning electron microscopy images of highly uniform diameter GaN 

nanoarrays grown by SAE approach.  

2.3 Plasma Assisted Molecular Beam Epitaxy (PAMBE) System 

Currently, MBE and MOCVD are the two commonly used techniques for growing high 

quality III-Nitride optoelectronic materials. In general, due to the lack of efficient nitrogen 

sources in the MBE growth, MOCVD is typically used for large scale commercial 

production of LEDs and LDs. But MBE approach when compared to the MOCVD offers 

several unique advantages such as better interface control and suitability for exploring new 

material structures for realizing high quality crystalline materials. MBE can also provide 

the highest control for the nanostructure epitaxial growth.  

In contrast to MOCVD, MBE offers several attributes including a slow deposition 

rate (typically less than 1000 nm/hr) and an ultra-high vacuum environment (~10-8 to 10-10 

Pa), which will be extremely useful to minimize the epitaxial layer impurity incorporation. 

High indium content InGaN structures can be realized with MBE, due to the fact that much 
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lower growth temperature is possible in MBE w.r.t that of MOCVD, thus providing an 

enhanced indium incorporation. Composition and thickness of the grown epilayer can be 

precisely controlled to a mono-atomic layer level by MBE method. The supplementary in-

situ monitoring capability adds further value to MBE thus aiding researchers to manage 

the growth quality and to develop novel materials. Figure 2.4 shows the Veeco Gen-II MBE 

system in New Jersey Institute of Technology (NJIT). 

 
 

 
 
 
Figure 2.4 Veeco Gen-II MBE system with radio frequency plasma assisted nitrogen 
source in Nano Optoelectronic Materials & Devices Laboratory at NJIT. 

 
 

The III-nitride MBE growth processes are mainly divided into two classes -either 

based on nitrogen sources such as ammonia-molecular beam epitaxy (Am-MBE) and 

plasma-assisted molecular beam epitaxy (PAMBE), respectively. In an Am-MBE system 

and PAMBE system, ammonia (NH3) gas and high purity N2 gas are used as group V 
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sources/elements, respectively. The high thermal stability of N2 molecule makes us use a 

high energy source such as radio frequency (RF) plasma to often break the N2 and create 

atomic N. Both MBE techniques use solid group III sources such as In, Ga, and Al. In an 

Am-MBE system, the NH3 breaking efficiency is contingent upon the growth temperature. 

Since the efficiency values are considerably low in such Am-MBE systems, the growth 

requires a large amount of NH3. Furthermore, there also exists the adverse aftereffect that 

the undecomposed remaining NH3 during growth can react with the chamber and effusion 

cell materials at high temperature. This resulting corrosive problem and chamber cleaning 

created big issues with Am-MBE growth method.  

A plasma source of high purity inert N2 gas is used to supply the group V element 

in the case of PAMBE systems. The active nitrogen plasma generated includes a species 

of ionized molecules (N2
+), atoms (N), and ionized atoms (N+), which are then introduced 

into the growth chamber during In(Ga)N deposition. By tuning the nitrogen flow rate and 

the plasma power (the maximum power is typically of order of ~ 500 W), amount of active 

nitrogen plasma can be well adjusted in PAMBE. Hence RF-plasma assisted MBE growth 

technique is considered much more efficient and preferable compared to the Am-MBE 

systems. 

In our lab, Veeco Gen II MBE system equipped with a RF plasma-assisted nitrogen 

source was used to grow the III-nitride nanowire heterostructures. MBE system typically 

consists of three main vacuum chambers referred to as an intro-chamber, a buffer chamber, 

and a growth chamber. The load-lock introduction chamber used to load samples into ultra-

high vacuum environment ensures that the pressure in other chambers are not influenced.  
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Figure 2.5 MBE growth chamber schematic. 

 
 

Temperature of substrate is controlled by means of Eurotherm. Bakeout, which is 

referred to as heating the MBE system up to 1700 C for at least one day, ensures water 

vapor that has accumulated at the chamber walls is desorbed. Generally, standard cleaning 

techniques like hydrogen fluoride (HF) acid treatment or RCA 25 technique is used for the 

initial cleaning of Si substrate wafer. Next stage involves the loading of latter substrates 

into the intro-chamber, followed by degassing at ~ 200 °C before finally being transferred 

to the buffer chamber. Preparation and storage of samples are mainly done in the buffer 

chamber of MBE. Before being transferred into the growth chamber which requires a very 

clean and high purity environment, a second degassing process of samples is performed in 

the buffer chamber. Knudsen / Effusion cells which houses the group III elements needed 

for deposition onto the substrate, can be thermally evaporated by heating the Knudsen cells. 

A purity of at least 99.9999% or 6N is used to charge the cells. 
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Eurotherm PID controllers regulate the cell temperature. The impinging of group 

III atoms onto the heated sample surface and reaction with the active nitrogen species 

ensures that In(Ga)N materials are formed. By varying the group III effusion cell 

temperature, group III fluxes can be controlled. In order to avoid cracks in the pyrolitic 

boron nitride (PBN) crucible due to frequent solidification of the materials arising from 

various thermal expansion coefficients, the standby temperatures have to be kept well 

above the melting points of the materials, 660.30 C for Al, 156.60 C for In and 29.760 C for 

Ga. Figure 2.5 shows the schematic of the parts housed inside the MBE growth chamber. 

Parameters such as the control of the wire uniformity, diameter, height, shape, 

density and orientation / alignment of the nanowires as well as the elimination of stacking 

faults and other defects are some of the main challenges while nanowire growth 

mechanisms. To address the prior issues, growth parameters including substrate 

temperature, III/V fluxes, and growth rate can be carefully optimized and tuned 

accordingly. For example, by decreasing the growth temperature higher density nanowire 

arrays can be realized while a higher temperature growth can result in reduction of 

nanowire density. This is explained by the fact that adatom surface migration is enhanced 

at high temperatures [132]. Moreover, an increase in nanowire density can be obtained by 

increasing the growth rate. Nanowire size predominantly depends on the size of the metal 

catalyst used in the case of VLS growth method, or the size of the patterned area in the 

SAE approach. Nanowire alignment is strongly influenced by the substrate orientation. 

Because of the reduction of surface energy of the exposed sidewall facet during growth 

process, the <111> growth direction is commonly preferred over <001> direction during 

the III-N and group IV nanowires growth [113]. 
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To ensure growth and high crystalline quality of material systems, MBE is generally 

equipped with a reflection high energy electron diffraction (RHEED) system. This in-situ 

monitoring within the ultra-high vacuum MBE system enables the user to study the surface 

properties and the quality of nanowire structures easily. In RHEED system, the generated 

beam of electrons from an electron gun, impinges in a very small angle on to the sample 

surface. Regular patterns on phosphorous detector screen can be observed because of the 

interaction between electrons and atoms on the sample surface. RHEED pattern reveals the 

sample surface properties. In addition, the in-situ oxide desorption of the substrate surface 

can be inferred from the RHEED pattern.  

During the growth of nanowires, RHEED screen displays a spotty pattern (an array 

of dots). Meaningful information regarding nanowires such as size, shape, orientation and 

density can be obtained from the size, shape and density of the dots displayed on the 

RHEED screen. An array of tightly spaced small dots on the RHEED screen implies small 

diameters and high densities for the grown nanowires. A contradiction of the preceding is 

that an array of well-spaced, large dots on the RHEED screen refers to the growth formation 

of low density and thick nanowires. Generally, before any nitrogen species is introduced 

when the growth starts with a few monolayers of In or Ga seeding layer, the RHEED 

pattern shows a bright array of circular dots. The dot arrays are still bright during the 

beginning of nanowire growth. With the subsequent growth of nanowires, the dot arrays 

while maintaining the dot shape will turn significantly dimmer.  

The dimmer RHEED patterns observed with nanowire growth continuation can be 

interpreted to the nonuniformity in nanowire heights, thus resulting in destructive 

interference as electrons are being deflected off the wire structures in alternate paths. The 

shape of the dots observed on RHEED pattern provides a measure of the nanowire 
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orientation. For example, circular dots refer to nanowires that are grown perpendicular to 

the substrate while elliptical dots present in the RHEED pattern suggests that nanowires 

are tilted and oriented in multiple directions. 

2.3.1 Growth Modes in Molecular Beam Epitaxy 

In MBE, III-nitride growth takes place either layer by layer (Frank-van der Merwe), in 

form of islands (Volmer-Weber) or a mixture of both (Stranski-Krastanov growth).  

 
 

 
 

Figure 2.6 Schematic representation of different growth modes for film formation in MBE 
for multiple coverage (θ) regimes (ML refers to monolayer) (a) layer by layer or Frank-
von der Merwe mode (b) Layer plus island growth or Stranski -Krastanov growth mode 
and (c) Island growth or Vollmer-Weber growth mode.  

 
 

Figure 2.6 shows the schematic of different growth modes. Volmer–Weber (VW) 

growth mode refers to the formation of formation of three-dimensional adatom clusters or 

islands, where adatom–adatom interactions are stronger than those of the adatom with the 

surface. In such VW growth mode, the coarsening will cause rough multi-layer films to 

grow on the substrate surface. When the atoms are more attracted to each other than to the 

substrate, island growth is preferred from the start. The strain in thinner epilayer that results 
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due to the lattice mismatch between the substrate and the layer, can lead to islanding. The 

growth rate is also a significant parameter on the surface island formation. For high growth 

rates there is a higher probability for islands to be formed, due to the increased number of 

atoms diffusing about on the surface. An island diffuses a lot slower than a single atom or 

molecule and thus layer by layer growth is less likely.  

In Frank–van der Merwe (FM) growth, atomically smooth layers are fully formed 

due to the fact that adatoms attach preferentially to surface sites. If the atoms or molecules 

are more strongly bound to substrate than to each other, the initial atoms form a complete 

monolayer. The subsequent layers are less tightly bound, but if the decrease in binding is 

monotonic towards the bulk value, layer by layer growth is obtained. This growth mode is 

two-dimensional, thus leading to complete films form prior to growth of subsequent layers. 

Stranski–Krastanov growth is an intermediary process, which can be referred to as 

a combination of both 2D layer and 3D island growth. The layer-by-layer to island-based 

growth transition takes place at a critical layer thickness which is mainly dependent on the 

chemical and physical properties including surface energies and lattice parameters of the 

film and substrate. 

Preference of these growth modes depends on parameters like substrate temperature, 

interaction strength between adatoms in the growing layer and the substrate surface, strain 

in the grown layer and growth rate. Increase in substrate temperature enhances the 

probability for an atom to cross the Schwobel-barrier, but at the same time inter-diffusion 

increases. Thus, growth parameter has to be carefully optimized.  
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2.3.2 Morphology and Growth Parameters in GaN Growth 

GaN nanowire morphology is highly dependent on the combination of three growth 

parameters including gallium flux (ФGa), nitrogen flux (ФN) and substrate temperature 

(Tsub). A lower III-V ratio results in preferentially nanowire growth. However, an increase 

in III-V ratio leads to coalescence of nanowires or a compact morphology. The increase in 

substrate temperature leads to a higher Ga desorption and a lower effective III-V ratio. As 

well as an increase in the growth rate due to the diffusion along the nanowire sidewalls. 

But no growth occurs due to Ga desorption at high Tsub.  

Figure 2.7 represents the qualitative phase diagram for GaN growth by PAMBE 

[133]. N-rich samples display a rough morphology while in Ga-rich conditions the layer is 

compact although still exhibiting defects due to dislocations, that form at the interface. The 

increase in ФGa can result in a reduction of these pits but an excess may cause formation of 

Ga droplets. III-V ratio surface morphology is explained by terms of surface diffusivity. In 

GaN grown on Si (111) by MBE which exhibits Ga polar surfaces, there is considerable 

difference in surface diffusivity of adatoms based on the surface termination [134]. Ga and 

N terminated surfaces have one and three dangling bonds per atom, respectively. This 

results in a higher mobility of adatoms for a Ga-terminated surface (or Ga-polar films). 

This also results in N-rich and Ga-rich grown condition samples to have a have a rough 

and smooth morphology, respectively. Ga which can act as an auto surfactant is reported 

to increase the surface mobility thus promoting 2D growth. This is supposed to be the 

reason behind improvement in smooth surface morphology with increasing ФGa. The 

dependence of Ga flux and temperature of the substrate on morphology of the fabricated 

structures is illustrated in Figure 2.7. 
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Figure 2.7 Qualitative phase diagram for GaN growth by PAMBE as functions of ФGa and 
Tsub at fixed plasma conditions. 
Source: [133]. 
 
 

Columnar structures with a small diameter in the nanometer range GaN layers are 

grown under highly nitrogen-rich conditions i.e., with a low III/V ratio (Ga/N ≪ 1). 

Because of the high lattice mismatch between Si (111) and AlN, even though if we use a 

100 nm buffer layer not all the strain can be relieved. This in turn results in straining of top 

GaN layer and can leads to the island growth. The reduced surface diffusivity resulting 

from N-rich growth conditions can prevent quick coalescence of the islands and columns. 

GaN samples grown directly on Si (111) has a high lattice mismatch of -16.9 % (tensile) 

and thus has a low critical thickness (value up to which GaN can grow pseudomorph on 

Si). thus, preferring Volmer-Weber growth or islands formation. Calleja et al. proposed a 

self-catalyzed VLS mechanism to explain the limited surface diffusivity and anisotropic 

axial growth under nitrogen-rich conditions, with small Ga droplets / clusters acting as 

catalyst [104]. 
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2.4 Fabrication of Nanowire Light Emitting Diodes 

  
 

Figure 2.8 Schematic diagram of fabricated nanowire LED. 

 
 
The nanowire LED structures are first grown on Si substrates by MBE, followed by 

standard device fabrication procedure. The nanowire LED samples are spin coated by 

polyimide for surface planarization and passivation. Subsequently, the nanowire top 

surface is revealed by performing reactive-ion etching using O2 gas on the nanowires. This 

is then followed by the standard photolithography step used for patterning samples into 

various sizes. Top and bottom metal contacts are then deposited in the next stage by e-

beam evaporator technique. In case of visible nanowire LEDs, top p-metal contact consists 

Ni (5 nm)/ Au (5 nm)/ indium tin oxide (ITO: 200 nm), whereas, bottom n-contact is 

composed of Ti (20 nm)/ Au (120 nm). ITO layer serves as current spreading layer. To 

facilitate hole transport, device surface is deposited with metallic contact grid patterns. 

Annealing at 500 °C in nitrogen ambient for 1 minute is performed on the fabricated 

devices with top and bottom contacts. This is then followed by a second annealing at 300° 

C in vacuum for one hour after ITO deposition. The schematic diagram of the fabricated 

devices are depicted in Figure 2.8. 
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AlN nanowire LED employs Ti (10 nm)/ Au (30 nm) as back metal contact and Ni 

(15 nm)/ Au (15 nm) as front metal contact. There are still issues pertaining to deep UV 

LEDs in the sense such as: there is an absence of deep UV transparent polymer for 

planarization and passivation and the Ni/Au layer used as the front p-metal contact is semi-

transparent in the UV range. These reasons limit the EQE of the LED device, requiring 

much further research into the field. The processed LED is then diced and mounted on to 

a chip holder.  

2.5 Characterization Methods  

In this section, LED processed devices are studied regarding electro-luminescence, I-V 

measurements, two dimensional and three-dimensional FDTD simulation results etc. 

Analysis here refers to finding the output wavelength of emission, stability of emitted light 

and the device’s diode characteristics. Some of the characterization techniques are 

described below. 

2.5.1 Photoluminescence  

In photoluminescence (PL) spectroscopy, direct light source impinges on the electronic 

structure of material. This contactless non-destructive optical characterization results from 

material absorbing a portion of incident energy and rest of the excess energy dissipating 

through the emission of light or luminescence. 405 and 266 nm lasers were used as the 

excitation sources here in this dissertation.  

The energy band structure and quality of Group III-nitride semiconductors can be 

evaluated using PL. Typically a monochromatic excitation source like laser which gives 

large enough photon energy is used to excite the electrons in material from valence band 
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states to the conduction band states. Upon incident light on the material, photon is 

absorbed, and electrons are excited from the conduction band to the valence band and 

electron hole pairs (EHPs) are generated. These created EHPs recombine together to give 

off energy. Or in other words, electrons and holes relax to the respective band edges by 

means of phonon emission and ultimately recombine across the band gap. Photons are 

generated when radiative recombination occurs.  

Recombination can be typically either radiative or non-radiative. Following the 

annihilation of EHP, a photon is emitted in a radiative recombination process. In direct 

bandgap semiconductors, radiative recombination is the more predominant one while in 

indirect bandgap semiconductors an additional assistance of a phonon is needed to 

conserve the momentum thus resulting in extremely low efficiency. Energy is dissipated 

as heat through the emission of phonon in a non-radiative recombination process. This 

makes indirect band gap materials not suitable for optoelectronic device applications. 

Band-to-band, free and bound excitons, donor bound electrons to free holes in the valence 

band, free electrons in the conduction band to acceptor bound holes and donor-acceptor 

pairs are the main recombination processes that results in radiative recombination. Detector 

collects the emitted photons resulting from radiative recombination. 

PL can also provide details including the nature of energy states by observing the 

processes of absorption and carrier transfer. Equation (2.2) defines the electronic energy 

bandgap of the semiconductor material. Since defects such as impurities and dislocations 

are linked with non-radiative recombination rates, the PL measurement can qualitatively 

analyze the material quality and relative amount of radiative and non-radiative 

recombination rates.  
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𝐸𝐸𝑔𝑔 =  
(ℎ𝑐𝑐)
λ

 
(2.2) 

Here Eg, h, c and λ represents the electronic energy bandgap of the semiconductor 

material, Planck constant, speed of light and wavelength of the emitted photons, 

respectively. As shown in Figure 2.10, various transition mechanisms across the bandgap 

can result in radiative recombination process. These are listed as below. 

 

 
 

Figure 2.9 Radiative and non-radiative optical transitions. radiative transitions include  
A (band to band), B (free exciton), C and D (bound excitons), E (donor to valence band), 
F (conduction band to acceptor band), G (donor to acceptor pair) while non-radiative 
transitions include H (defect state related) and I (auger recombination). 

 
 
Process A (Band-Band Transition): Radiative recombination that results between a 

conduction band electron and a valence band hole is referred to as Band-Band transition. 

Such processes occur in very pure crystals at relatively high temperatures. The intentional 

or unintentional introducing of impurity in the material results in creation of states in 

energy band. In these states, electrons and holes are trapped and can lead to a recombination 

with each other - either radiatively or non-radiatively. These transitions are illustrated in 
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the Figure 2.9 by processes E, F, and G. Moreover, the band-to-band transition transfers to 

excitonic transition that occur at low temperatures are also defined by processes B, C, and 

D. 

Processes B, C, and D (Excitonic Transition): At low temperature in a very pure crystal, 

both free and bound excitonic transitions are observed. Free exciton consists of a 

conduction band electron and valence band hole bound together by Coulomb interaction. 

The recombination of electron and hole results in the emission of a photon having energy 

(hʋ = Eg- Ex). Since the exciton levels are well defined, there is a sharp emission spectrum. 

Bound excitonic transitions are found in intentionally doped high purity material. The 

exciton can be bound with either a donor or acceptor impurity atom. Bound exciton has a 

lower energy (hʋ = Eg- Ex – Eb) than the free exciton energy by the binding energy of the 

exciton to impurity. 

Excitonic transitions are generally found at low temperatures, where the thermal 

energy is lower than exciton binding energy. With increase in temperature since the thermal 

energy becomes larger than the binding energy, the excitons become unstable and band-to-

band transitions can be seen in PL spectra. 

Processes E and F (Band-Edge to Donor/Acceptor Transition): This commonly 

observed process refers to the transition of a free carrier to a bound carrier. The transition 

involves recombination of neutral donor to a valence band hole or the recombination of an 

electron in the conduction band to the neutral acceptor (hʋ = Eg- EA or hʋ = Eg- ED) 

Process G (Donor-Acceptor Pair Transition): In Donor -Acceptor Pair (DAP) transition, 

the recombination accompanies when an electron moves from the neutral donor to the 

neutral acceptor. Such a transition results in the ionizing of both donor and acceptor. Due 

to the coulombic attractive force developed between them, the energy of the emitted photon 
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is defined by (hʋ = Eg- EA - ED + 𝑞𝑞
2

𝜀𝜀𝜀𝜀
 , where q, ε and r refers to the elementary charge, 

dielectric constant and donor-acceptor distance, respectively. DAP transition can result in 

a broad emission spectrum, since the photon energy depends on parameter r and r and can 

vary in a wide range. 

Processes H and I (Non-Radiative Recombination): Non-radiative recombination arises 

mainly due to the crystal defects such as dislocations, vacancies, interstitials, and foreign 

atoms present. The transition between the electron / hole carriers to the defect associated 

energy levels developed within the bandgap, results in phonon emission which is 

eventually dissipated as heat. In Auger recombination which is another dominant non-

radiative recombination mechanism, the energy resulting because of EHP recombination 

excites another carrier, which transits to a higher energy level in the same band. By means 

of multiple phonon emission (by losing energy) the latter excited carrier relaxes back to 

the respective band-edge. Energy and momentum are conserved in an Auger recombination 

process. Though auger recombination becomes negligible at lower carrier concentration, 

at high carrier injection currents and very high excitation intensity the mechanism cannot 

be neglected anymore. 

2.5.2 Electroluminescence  

In Electroluminescence (EL), photon emission results from the radiative recombination of 

excess carriers i.e., injected electrons and holes is measured. EL optical characterization 

technique ensures that whether the device is emitting the specific wavelength spectrum in 

accordance with the design parameters and fabrication. Spectra Suite software couples the 

LED light through the ocean optics cable, thus providing the EL spectra. In particular, EL 

spectra images shows the stability of the LED light source - whether there is any blue or 
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red shift with injection current bias. In nanowire LEDs, an electrical potential is applied to 

excite the electrons in the MQW region and the radiative recombination of the injected 

excess carriers occurs in the active region. Such emitted photons give an idea about the 

electronic energy bandgap of the active region. 

The mechanism behind EL is explained in this section. The electrons (holes) from 

the n- (p-) region diffuse to the p- (n-) region when a p-n junction is setup in the 

semiconductor. This results in a positive (negative) space charge in the n- (p-) region. The 

generated electric field localized in a narrow region near the junction (from n to p region) 

at the interface vicinity, prevents further carrier diffusion to the opposite end and thus 

creates an equilibrium condition. Thus, the Fermi levels are equalized, and a potential 

barrier develops from n- to p- region. This narrow depletion region is depleted of any free 

charge carriers. With forward bias being applied to the p-n junction, there is decrease in 

both the internal potential barrier and depletion width while the excess electrons (holes) 

are injected from the n- (p-) region to the p- (n-) region. This radiative combination of high 

concentration of minority and majority carriers results in electroluminescence. 

2.5.3 Importance of PL and EL Spectroscopy 

Photoluminescence (PL) and Electroluminescence (EL) spectra provide insight into lot of 

meaningful information w.r.t the LED fabricated structures. Some of them are listed as 

follows. 

Band gap: The semiconductor band gap can be analyzed using the PL spectra. The peak 

wavelength position in the PL spectra corresponds to the effective semiconductor bandgap. 

Using Vegard’s law, the alloy composition in ternary bandgap engineered structures can 

be calculated. However, band gap might get affected w.r.t band tailing effect [135], which 
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can be associated with high doping concentrations. The random distribution of impurities 

in a semiconductor host lattice generates energy levels within the forbidden energy gap, 

thus introducing potential fluctuations. At high doping concentrations thus, the unperturbed 

density of states of the pure semiconductor is altered and substantial band tails might be 

observed. Another issue found with heavily doped semiconductors is the Moss-Burstein 

effect which can be referred to as the increase in apparent band gap of a semiconductor as 

the absorption edge is pushed to higher energies. This phenomenon of PL peak in a heavily 

doped semiconductor showing higher energy than the bandgap can be accounted to the fact 

that some states close to the conduction band are being populated at high doping levels / 

degenerate semiconductor. Thus, doping level of the material is an important parameter 

while determining the bandgap. 

Stress: Since III-nitride materials are grown on lattice mismatched substrates, stress is an 

important issue. Due to the lattice mismatch and difference in thermal expansion 

coefficients between the epilayer and substrate, the epitaxial layer experiences strain. If 

lattice constant of the epilayer is larger (smaller) than the substrate, it experiences biaxial 

compressive (tensile) stress. This stress can be resolved into two components referred to as 

hydrostatic component and a uniaxial component. The hydrostatic component of the stress 

alters the lattice constant thus bringing about a change in the band gap and ultimately 

introducing a peak shift in the position of PL spectra. Valence band degeneracy at zone-

center (Г=0) is disrupted due to the uniaxial component. This results in the splitting of the 

valence bands into light hole and heavy hole sub-bands. Since carrier excitation and 

recombination involves these bands any considerable change in their order is seen in the 

PL spectrum typically as either by a peak position shift or the splitting of single PL peak 

into multiple peaks. PL can thus provide an idea about the strain present within the material 
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as well as can be used as a tool to quantitatively measure the magnitude and direction of 

the strain [136]. 

Crystal Quality: PL signal’s intensity and full-width-at-half-maxima (FWHM) are 

indicators of the material quality. A strong intensity and narrow FWHM and absence of 

defect related peaks in the PL spectra implies excellent material quality.  

IQE and EQE: As explained in the previous sections, EQE (which is defined as the ratio 

of number of photons emitted into free space per unit time to the number of electrons 

injected to the device per unit time) and IQE are important parameters w.r.t LED 

performance. For LEDs, EQE is given as the product of IQE (ηIQE), injection efficiency 

(ηinj) and light extraction efficiency (ηext). IQE or ηinj is the ratio of the injected electrons 

to the active region to the total number of injected electrons to the device. For planar 

structures, ηinj is considered unity. But due to the presence of surface recombination in 

nanowire structures that takes place ηinj is very low. ηIQE is referred to as the ratio of the 

number of active region emitted photons emitted per second to the number of active region 

injected electrons per second. Only some photons recombine radiatively thus limiting the 

efficiency. As reported in earlier sections the LEE is limited by the total internal reflection. 

In planar structures the LEE values are of the order of ~ 4%, thus limiting device 

performance [137].  

Temperature dependent PL/EL measurement can be used to deduce IQE. In such a 

scenario, defect related recombination is assumed to be nearly zero at cryogenic 

temperature due to thermal freeze-out effect. This makes the PL/EL intensity maximum 

value at low temperatures. ηIQE is defined here as the ratio of room temperature integrated 

PL/EL intensity to the low temperature integrated PL/EL intensity. But this assumption 
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might not be true for all material systems. For example, PL intensity of InGaN LED is not 

always saturated at low temperature [138]. Also, IQE calculation using this method 

depends on parameters such as excitation level and doping density of the material [139, 

140]. 

Power dependent PL/EL measurement can be used to calculate EQE. EQE can be 

estimated via the rate of increase of the integrated intensity with increasing power. ηEQE 

droop is considerable at higher injection currents for III-nitrides. The common efficiency 

droop mechanisms including electron overflow, Auger recombination, inhomogeneous 

carrier distribution, etc. have been discussed in Chapter 1. By observing the shift in the 

peak position with increasing power, QCSE can be estimated. This shows the stability of 

the device under high current bias. 

Color Rendering Index (CRI): CRI refers to color rendering index. This important 

functional property of white light sources defines it’s color rendering ability. CRI is 

dependent on the light source spectral power distribution derived from EL spectrum. 

Planck’s black body radiator is considered to have a CRI value of 100. CRI of the fabricated 

light source is computed by comparing the color rendering of the light source to that of a 

reference source. Eight standard color samples are illuminated by the test light source and 

the reference source. The standard color samples are presented in Figure 2.10. The CRI of 

the i-th sample is defined by the expression CRIi = 100-∆Ci, where ∆Ci refers to the 

quantitative color change of the sample when illuminated by the reference and the test light 

source. CRI = 1
8
∑ CRIii=8
i=1  which is the average of these special eight CRI’s represents the 

general CRI. This implies that a higher CRI values is observed for a light source with 

smaller color deviation (∆C) between the two sources. Or in other words, when the spectral 
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power distribution of light source closely resembles the black body radiation spectrum, 

CRI value is very high. 

 
 

 
Figure 2.10 Eight color samples employed for calculation of CRI. 
Source: [141].  
 
 

2.5.4 Current-Voltage Characterization  

The diode properties of the fabricated device can be evaluated using current versus voltage 

(I-V) characteristics. Turn on voltage, series resistance, shunt resistance and power from 

the integration of I-V graph can be acquired with the use of I-V characteristics.  
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CHAPTER 3  
 

VISIBLE InGaN/AlGaN NANOWIRE LIGHT-EMITTING DIODES GROWN BY 
MOLECULAR BEAM EPITAXY  

 
 
 
This chapter reports the realization of full-color nanowire LEDs, with the incorporation of 

InGaN/AlGaN nanowire heterostructures grown directly on the Si (111) substrates by MBE 

[24, 142]. Multiple color emission along the entire visible wavelength range can be made 

possible by varying the In and Ga composition in the InGaN quantum dot active region. 

Furthermore, spontaneous formation of multiple AlGaN shell layers during the growth of 

InGaN/AlGaN quantum dots, leads to the drastically reduced nonradiative surface 

recombination, and an enhanced carrier injection efficiency. Such core-shell nanowire 

structures can exhibit significantly increased carrier lifetime and massively enhanced 

photoluminescence intensity when compared to conventional InGaN/GaN nanowire LEDs. 

A high color rendering index of ~98 was recorded for white-light emitted from such 

phosphor-free core-shell nanowire LEDs.  

High efficiency green, yellow, and red InGaN/AlGaN dot-in-a-wire nanowire light-

emitting diodes grown on Si (111) by molecular beam epitaxy are also reported in the 

chapter. The devices demonstrated relatively high (> 40%) internal quantum efficiency at 

room temperature, relative to that measured at 5 K. Moreover, negligible blue-shift in peak 

emission spectrum associated with no efficiency droop was measured when injection 

current was driven up to 556 A/cm2 [24, 142]. 
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3.1 Research Motivation for Developing InGaN/AlGaN Core-Shell LEDs 

Phosphor-free white light-emitting diodes (LEDs) have been intensively studied and 

identified as an emerging platform for future solid-state lighting and displays. To realize 

high performance, low cost phosphor-free white LEDs, it is critically important to develop 

high efficiency LEDs with emission wavelengths in the deep green to red spectral range 

[57, 143]. The achievement of such devices using conventional InGaN/GaN quantum well 

heterostructures has been difficult, due to the presence of large densities of dislocations 

and polarization fields [51]. Moreover, they suffer from efficiency droop, which has been 

explained by the Auger recombination [49], poor hole transport [144, 145], and carrier 

delocalization [82] in InGaN/GaN heterostructures. In this regard, InGaN-based nanowire 

heterostructures have been intensively investigated, which provides a relatively defect 

strain- and polarization-free platform for realizing high performance LEDs and other 

nanoscale devices [105, 108, 146, 147]. Tunable emission has been demonstrated using 

InGaN/GaN nanowire heterostructures [65, 148, 149]. In spite of the progress, however, 

the achievement of high efficiency nanowire LEDs has remained elusive.  

Phosphor-free white-LEDs have been recently reported using bottom-up nanowire 

heterostructures which are generally formed along the axial or radial dimensions, leading 

to the dot [65]/disk [62]/well-in-a-wire [148] or core-shell nanoscale heterostructures [60, 

150, 151]. The device performance, however, suffers severely from nonradiative surface 

recombination [83]. The large surface recombination is directly reflected in the commonly 

reported very short carrier lifetime (~ 0.3 ns) of conventional nanowire structures [60, 152]. 

The use of AlGaN shell in InGaN/(Al)GaN core-shell LEDs can further enhance the carrier 

confinement, reduce nonradiative surface recombination and enhance carrier injection into 

the device active region [60, 69]. 
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Due to the large surface-to-volume ratios, the surface plays a key role in the 

operation and electrical and optical properties of III-nitride nanowire LEDs [60, 153]. 

Depending on the energy levels of the surface states, as well as the surface stoichiometry, 

Fermi-level pinning has been theoretically predicted and experimentally observed on the 

(11-00) plane [154, 155], i.e., the lateral surfaces of commonly reported GaN nanowire 

LEDs. The resulting lateral electric field, as well as the associated surface nonradiative 

recombination is highly detrimental to the performance of GaN-based nanowire LEDs. In 

this context, InGaN/AlGaN dot-in-a-wire nanoscale heterostructures are fabricated, which 

can provide enhanced carrier confinement and carrier injection, thereby leading to high 

emission efficiency [24]. Furthermore, by engineering color emission of such 

InGaN/AlGaN nanowire heterostructures, full-color emission across the visible spectrum 

has been realized and reported in this chapter, leading to achievement of phosphor-free 

white LEDs [24]. Emission wavelengths can be tuned from green to red spectral range by 

varying the sizes and/or compositions of the dots. In addition, relatively high (> 40%) 

internal quantum efficiencies were measured for GaN-based nanowire yellow LEDs. No 

efficiency droop was observed for injection current as high as 556 A/cm2 at room 

temperature.  

In this context, a unique core-shell nanowire LED heterostructure has been 

developed by employing axial self-organized InGaN/AlGaN heterostructure which has 

demonstrated significantly improved carrier injection efficiency and output power, 

compared to conventional nanowire LEDs. These core-shell nanowire LED arrays were 

grown by MBE, where the device light emission properties, including the correlated color 

temperature (CCT) and color rendering index (CRI) can be readily engineered by varying 

the size and composition of the InGaN dots in a single epitaxial growth step. The 
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electroluminescence (EL) spectra show a very broad spectral linewidth and fully covers 

the entire visible spectrum. Additionally, the InGaN/AlGaN LEDs exhibit good current-

voltage characteristic. Phosphor-free InGaN/AlGaN nanowire white-LEDs hold high CRI 

up to ~98, which is more efficient compared to the current phosphor-based white-LED 

technologies. 

3.2 Experimental and Fabrication Details 

Veeco GEN II MBE system was employed to grow vertically aligned InGaN/AlGaN dot-

in-a-wire core-shell LEDs on Si substrates. Figure 3.1(a) depicts the schematic structure of 

an InGaN/AlGaN core-shell nanowire LED structure on Si substrate. The inset presents 

detailed LED structure. First, 0.4µm GaN:Si nanowire was grown at ~ 770oC, followed by 

ten coupled InGaN/AlGaN dots grown at relatively low temperatures of 640oC - 680oC to 

enhance In incorporation in the InGaN dots. Emission wavelength of LEDs can be 

precisely controlled by varying the In composition in the InGaN/AlGaN active region. 

AlGaN barriers have been grown in the active region instead of GaN barriers, thus 

dramatically reducing the surface recombination. During the growth process of AlGaN 

barrier, an AlGaN downward-bending shell layer was also formed around the InGaN dot 

due to the diffusion-controlled growth process [69]. The barrier of each quantum dot was 

also modulation doped p-type using Mg to enhance hole transport. Finally, 0.2µm GaN:Mg 

section was grown on top of the LED structure.  
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Figure 3.1 (a) Schematic illustration of an InGaN/AlGaN dot-in a- wire core–shell led 
heterostructure on Si substrate. Inset depicts the layer by layer structure. (b) A 450 tilted 
SEM image of a typical InGaN/AlGaN core–shell nanowire LED sample. 

 
 

The nanowire diameter and density can be controlled by the substrate temperature 

and/or In/Ga flux ratios, while the nanowire length can be adjusted by the growth duration 

[156, 157]. Using such nanowire structures, by varying the growth conditions, high 

brightness green, yellow and red emissions from the InGaN/AlGaN dot-in-a-wire 

heterostructures were achieved as well. 

Figure 3.1(b) is a 45 degree-tilted scanning electron microscopy (SEM) image for 

a typical InGaN/AlGaN core-shell sample. Highly uniform nanowires on Si substrate were 

achieved. The variation of In concentration in the InGaN dots ranges from 8% to more than 

50%. For the ideal performance scenario of InGaN/AlGaN core-shell LEDs, the best Al 

composition in the AlGaN barrier is predicted to be in range of 15% to 20%.  
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The device fabrication route of InGaN/AlGaN dot-in-a-wire core-shell devices 

comprises of the steps as explained in Figure 3.2. First, nanowire arrays were spin-coated 

with polyimide resist for planarization and passivation, which is followed by O2 dry etching 

to expose the top region of the nanowires. The exposed GaN:Mg surface were then 

deposited with layers including Ni (5nm)/Au(5nm)/indium tin oxide (ITO) to form top 

metal contacts. Afterwards to form the backside and topside contacts, respectively, Ti/Au 

(10nm/100nm) and Ni/Au (10nm/100nm) layers were evaporated on the backside of the Si 

substrate and top of ITO, respectively.  

3.3 Results and Discussion 

Optical properties of InGaN/AlGaN dot-in-a-wire LED heterostructures were investigated 

by using PL spectroscopy with a 405nm laser as an excitation source at room temperature. 

Full-color emission with wavelengths can be readily tuned across nearly the entire visible 

wavelength range. Performance characteristics of the dot-in-a-wire LEDs were measured 

under pulsed bias conditions with 1% duty cycle to minimize junction heating effect. 

 

 

Figure 3.2 Room temperature electroluminescence spectra under different injection 
currents for (a) green, (b) yellow, (c) red nanowire LEDs. The inset of each figure shows 
the corresponding light emissions from green, yellow and red nanowire LEDs. 
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Strong green, yellow, and red emissions were measured from the InGaN/AlGaN 

dot-in-a-wire LEDs at room temperature, shown in Figure 3.2. The EL spectra of the green, 

yellow, and red nanowire LEDs under different injection current varied from 30 mA to 

400mA were shown in Figures 3.2(a), 3.2(b) and 3.2(c), respectively. At injection current 

of 400 mA, the peak emission wavelengths at ~ 535, 585, and 645nm for green, yellow, 

and red LED devices, respectively. It may also be noticed that the spectral linewidths 

increase progressively with emission wavelengths, varying from 75, 105, to 125 nm for the 

green, yellow, amber, and red-emitting devices, respectively. This is a direct consequence 

of the enhanced In phase separation with increasing In compositions, that leads to the 

formation of In-rich nanoclusters in the dots as well as in the barrier layers. The emission 

properties of LEDs are depended on the compositions, the sizes of the dots, and the 

diameter of the nanowires as well. These parameters can be controlled by adjusting 

substrate temperature, growth duration, and In/Ga flux ratio. The achievement of strong 

emission in long wavelength from green to red region attributed to the successful usage of 

core-shell nanowire heterostructure associated with the embedded quantum dots.  

Shown in Figure 3.3(a), the peak emission wavelength of InGaN/AlGaN core-shell 

nanowire LEDs varies from 460nm to 660nm. Effective variation in the In composition in 

the InGaN quantum dots can be achieved either by using different growth temperatures 

and/or In/Ga flux ratios. A longer wavelength as in red light is typically associated with a 

lower bandgap material. This gives us an impression about the composition of In in the 

nanostructure to achieve the desired color of light from the active region. The latter 

suggests that in the room temperature PL spectra, In composition increases from a lower 

value to a higher value for switching from blue to red color emission in the visible 

spectrum. The latter engineered structures can be used to envision various color emissions 
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as expected. 

 
 

 
 

Figure 3.3 (a) Normalized room temperature photoluminescence spectra of multiple 
emission colors from multiple InGaN/AlGaN nanowire LEDs. (b) electroluminescence 
spectra of various InGaN/AlGaN LEDs with distinct emission colors, along with their 
optical image. 

 
 

Figure 3.3(b) shows the EL spectra of different InGaN/AlGaN LEDs with various 

emission colors ranging from 475 nm to 650 nm, which agrees with their PL results 

presented in Figure 3.3(a). The optical images of full-color emission from these LEDs are 

also presented in the inset of the figure 3.4. Strong white emission has been realized by 

mixing multiple colors within InGaN quantum dots in AlGaN nanowires. The core-shell 

LED sample exhibits significantly improved optical intensity (a factor of > 8 times higher) 

when compared to a conventional InGaN/ GaN structure. It is suggested that radiative 
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recombination is more dominant due to the carrier confinement in the active region of 

InGaN/AlGaN LEDs which is much more efficient compared to that of InGaN/GaN LED 

without using AlGaN core-shell structure. Such enhancement is attributed to the drastically 

reduced nonradiative surface recombination as well as strong carrier confinement, due to 

the effective lateral confinement offered by the large bandgap AlGaN barrier that also 

serves as a shell layer. Moreover, the InGaN/AlGaN LEDs with core-shell structure have 

significantly increased carrier lifetime which is more than 15 times higher compared to the 

InGaN/GaN LEDs without the shell covering the nanowires. Such greatly enhanced carrier 

lifetime attributed to the reduced non-radiative surface recombination was due to the 

effective lateral confinement offered by the large bandgap AlGaN shell [69]. 

The emission spectra of phosphor-free InGaN/AlGaN core-shell white-LEDs are 

presented in Figure 3.4(a). In order to minimize junction heating effect, the devices were 

measured under pulsed biasing conditions (~1% duty cycle). It is seen that the emission 

spectra have very broad spectral linewidth with the full-width-at-half-maximum more than 

150nm and fully covers the entire visible spectrum. Also, the spectra are highly stable and 

nearly independent of injection currents [61, 69]. Illustrated in Figures 3.2(a) and 3.2(b), 

peak wavelengths of the green and yellow-emitting LEDs are also virtually invariant with 

increasing current, suggesting the presence of a negligible quantum-confined Stark effect. 

A very small blue shift (~ 3 – 5 nm), on the other hand, was observed for the red-emitting 

devices, illustrated in Figure 3.2(c).  
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Figure 3.4 (a) Room temperature electroluminescence spectra of an InGaN/AlGaN core-
shell LED under different injection current levels (b) current-voltage characteristics of the 
core-shell nanowire LED along with the optical image of the white LED. 

 
 

The current-voltage (I-V) characteristics of the InGaN/AlGaN core-shell nanowire 

LED is shown in Figure 3.4(b). The sharp increase of current in the forward bias confirms 

excellent characteristics with low resistance value. Optical image of a white LED is also 

shown in the inset of Figure 3.4(b). 
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Figure 3.5 1931 Commission International de l’Eclairage (CIE) chromaticity diagrams of 
the light emission of green (triangles), yellow (circles), and red (stars) LEDs. 

 
 

The highly stable emission characteristics are further illustrated in Figure 3.5, 

which shows locations of the light emission from the various LEDs on the 1931 

Commission International de l’Eclairage (CIE) chromaticity diagram under injection 

currents from 100 to 400 mA. As expected, the green (triangles) and yellow (circles) LEDs 

exhibit nearly invariant CIE chromaticity coordinates of (x=0.22, y=0.55) and (x=0.44, 

y=0.50) with increasing current, respectively. The red (stars) devices show very small 

variations, with the derived CIE chromaticity coordinates being (x ≈ 0.54-0.55, y ≈ 0.36-

0.37). To engineer the CRI of phosphor-free InGaN/AlGaN core-shell nanowire white-

LEDs, several core-shell LED heterostructures in which the In composition in the InGaN 

active region is adjusted to generate different emission spectra as well as various spectral 

power distribution (SPD) characteristics. Most importantly, compared to conventional 

planar LEDs, InGaN/AlGaN core-shell nanowire LEDs hold flexibility in tuning the 

emission wavelengths and spectral linewidths, which are the two most important 

parameters for CCT and CRI.  
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Figure 3.6 EL Spectra of three distinct LEDs (a) LED 1 (b) LED 2 (c) LED 3. (d) CIE 
1931 chromaticity diagram illustrating the emission characteristics of three different 
InGaN/AlGaN nanowire LEDs. 

 
 

Figure 3.6(a), 3.6(b) and 3.6(c) shows the EL spectra of three LEDs with different 

characteristics grown by distinctive conditions. The measurements were performed at 

distinctive injection currents, varying from 50mA to 250mA. The CIE coordinates for these 

LED devices are illustrated in Figure 3.7(d). At an injection current of 150mA, LED1 has 

a narrow spectrum compared to that of other LEDs. The full-width at half-maximum 

(FWHM) of emission spectrum of LED1 is ~ 110 nm while LED2 and LED3 both have 

broad spectra with FWHM of 176 nm and 171 nm, respectively. As a result, LED1 has a 

lower CRI value (66.5) compared to LED2 and LED3. LED2 and LED3 have SPD in the 
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range of 380 - 780 nm, and 410 - 800 nm, respectively. However, LED3 has more 

contribution from red emission resulting in higher CRI values. The measured CRI values 

for LED3 and LED2 are 97.5 and 92.2, respectively. LED1 has a CCT of 2387 K (warm 

white) and the CIE coordinates of (0.50, 0.43). The SPD of LED2 incorporates short 

wavelength components, thus emitting cool white light (CCT ~ 4428 K). It also 

demonstrates a high CRI value of 92.2, and the CIE 1931 coordinates of (0.38, 0.38). 

In the injection current range of 50mA to 250mA, these InGaN/AlGaN nanowire 

LEDs do not show a significant change in CRI, CCT, and CRI values attributed to the 

stable operation under current injections. For instance, LED3 shows stable CRI values 

(96.8 - 97.8), CCT varies from 2259 K to 2429 K, and nearly stable chromaticity 

coordinates (x ≈ 0.48 – 0.49 and y ≈ 0.42 - 0.43). LED2 has lower CRI values compared 

to LED3 which is in the range of ~ 91.8 - 92.6, CCT varies from 3883 K to 4534 K and 

nearly stable chromaticity coordinates (x ≈ 0.38 - 0.40 and y ≈ 0.38 - 0.39). Due to narrow 

spectral linewidth and having mostly the short wavelength components in the SPD, LED1 

shows the lowest CRI values which is in the range of ~ 62.1 - 67.5, CCT varies from 2887 

K to 3359 K and chromaticity coordinates are nearly stable (x ≈ 0.46 - 0.48 and y ≈ 0.47 - 

0.50). Moreover, negligible blue-shift in the peak positions of the EL spectra of these 

nanowire LEDs are attributed to the greatly reduced QCSE in the nanowire heterostructures 

due to effective strain relaxation.  

The current-voltage and light-current characteristics of the yellow LEDs are 

presented in Figure 3.7. The defect density, polarization field, and internal electric field 

induces quantum confined Stark effect were minimized also results in perfect diode 

performances with very low leakage current of ~0.5 mA at -6 V, as presented in Figure 

3.7(a). We have further confirmed that the dot-in-a-wire yellow LEDs exhibit virtually no 
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efficiency droop at room temperature.  

 

 

Figure 3.7 (a) Room temperature current-voltage characteristic of the yellow nanowire 
LED. (b) light-current characteristic of yellow nanowire LED under different injection 
currents. (c) room temperature internal quantum efficiencies of typical yellow LED versus 
various current levels. 

 
Illustrated in Figure 3.7(b), the output power increases linearly with current for the 

entire measurement range (up to ~ 556 A/cm2). This observation is consistent with recent 

studies that Auger recombination is significantly reduced in InGaN/GaN nanowire 

heterostructures, due to the reduced defect densities [153]. Additionally, hole transport 

problem may also be minimized with the use of p-type modulation doping in the device 

active region [65] and the use of self-distributed AlGaN multi-shell electron blocking layer 

[69, 96].  

Finally, we have investigated the internal quantum efficiencies (IQEs) of the dot-in-

a-wire LEDs by comparing the integrated electroluminescence intensity measured at 300 

K to that measured at 5 K under the same injection current. Shown in Figure 3.7(c), the 

IQEs increase with injection currents and reach maximum values of 44.7% for injection 

currents at ~ 300mA (~333 A/cm2) for the yellow-emitting LEDs, suggesting a small, or 

negligible efficiency droop under relatively high current injection conditions. The peak 
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IQE was measured at high injection current (~ 333 A/cm2) which is significantly higher 

than that of conventional InGaN/GaN thin-film LEDs which is normally at 10-20 A/cm2 

[65, 158]. The very slow rising trend of the IQE has been commonly reported in nanowire 

LEDs and is attributed to the presence of large surface states and defects on nanowire 

surfaces [61, 65, 89].  

The negligible efficiency droop is attributed to the strong carrier confinement 

provided by the quantum dot heterostructures, the enhanced carrier injection, the reduced 

electron overflow and other higher order effects on the device quantum efficiency [73, 

159]. Compared to previously reported InGaN/GaN nanowires [160] or well/disk-in-a-wire 

LED heterostructures [161, 162] in the same wavelength range, the unique dot-in-a-wire 

heterostructures exhibit significantly higher IQE which can be explained due to the higher 

effective carrier confinement along the wire radial direction, thereby minimizing the 

nonradiative carrier recombination on the lateral surfaces. Moreover, the significantly 

improved IQEs measured in the dot-in-a-wire LEDs is attributed to the significantly 

enhanced carrier confinement and reduced nonradiative carrier recombination associated 

with the presence of surface states, as well as the enhanced carrier injection to the device 

active region. 

3.4 Summary and Conclusion 

In conclusion, high performance InGaN/AlGaN core-shell nanowire LED heterostructures 

on Si substrates have been developed. By controlling the indium composition in the 

InGaN/AlGaN quantum dot active region, full-color emission has been accomplished. 

Furthermore, core-shell nanowire heterostructures offer the benefit of enhanced carrier 
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injection efficiency to the LED active region as well as a drastically reduced nonradiative 

recombination on nanowire surface. We demonstrated superior performance phosphor-free 

nanowire white-LEDs, holding highly stable emission with CRI of ~98 under injection 

current range of 50mA to 250mA. This work addresses the major roadblock in regard to 

the practical applications of nanowire-based LEDs and has provided a novel perspective of 

having high efficiency phosphor-free white LEDs as well as full-color LEDs with tunable 

emission for advanced solid state lighting applications in the near future. 

In summary, we have demonstrated that, with the use of self-organized 

InGaN/AlGaN dot-in-a wire heterostructures, GaN-based nanowire LEDs can exhibit 

relatively high internal quantum efficiency in the deep green to red wavelength range under 

electrical injection. Moreover, the devices show highly stable emission characteristics with 

increasing current and virtually no efficiency droop at relatively high injection conditions 

(up to 556 A/cm2). These results provide a significant progress for future solid-state 

lighting applications wherein the usage of low cost, high efficiency, smart LEDs are 

realized. Such nanowire LEDs are perfectly suited for wearable flexible electronics  as well 

as high speed LEDs for visible light communications. 
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CHAPTER 4  
 

PHOSPHOR-FREE III-NITRIDE NANOWIRE WHITE-LIGHT-EMITTING 
DIODES FOR VISIBLE LIGHT COMMUNICATION 

 
 
This chapter emphasizes on the self-organized phosphor-free III-nitride nanowire LEDs 

grown by MBE and their application in visible light communication (VLC) [163]. The 

electroluminescence spectra of these nanowire LEDs show a very broad spectral linewidth 

and fully covers the entire visible spectrum. The InGaN/AlGaN core-shell nanowire LEDs 

exhibit relatively high output power of >5mW which is more than two orders of magnitude 

higher than that of conventional LEDs without using core-shell technique. Additionally, 

high-brightness phosphor-free LEDs with highly stable white-light emission and high 

color-rendering index (CRI) of >98 were obtained by controlling the Indium composition 

in the device active region. Moreover, the III-nitride nanowire phosphor-free white-LEDs 

exhibit relatively high 3-dB frequency bandwidth of ~ 1.4 MHz which is higher compared 

to that of phosphor-based white LEDs at the same measurement condition. Such high-

performance phosphor-free nanowire LEDs are being further improved and are ideally 

suited for future smart lighting applications and communications. 

4.1 Research Motivation of III-Nitrides for Visible Light Communication  

III-nitride nanowire heterostructures are one of the most promising materials in 

semiconductor industry due to their excellent optical and electrical transport properties. 

Those nanowire devices exhibit high electric breakdown field, high electron mobility, large 

saturation velocity and extreme chemical stability thus offering promising scope for 

applications in solid state lighting. Compared to conventional thin-film light-emitting 
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diodes (LEDs), nanowire LED structures have exceptional features, including drastically 

reduced dislocation densities and polarization fields as well as a lower quantum confined 

Stark effect (QCSE) because of the effective stress relaxation. Gallium nitride (GaN) based 

optoelectronic devices are being explored as hybrid visible LEDs by means of an 

overcoating or by incorporating light emitting nanocomposites and nanospheres [164]. 

These are sought out for applications including solid state lighting [165], 

bioinstrumentation [166] etc. LED light sources have been explored for visible light 

communication (VLC) which has been recently gaining extreme popularity due to its 

immense potential in fast data transmission and superior processing ability. The current 

white light generation using the means of phosphor has been constrained in terms of 

modulation speed due to lower intrinsic bandwidth and slower relaxation time of 

phosphors. These conventional low bandwidth transmitters have been met with 

improvements and replacements including multiple novel modulation and demodulation 

techniques ranging from GaN based micron-size LEDs [167], optical wireless multiple-in 

multiple-output (MIMO) systems [168], orthogonal frequency division multiplexing [169].  

In comparison to conventional lighting technologies like incandescent bulbs, white 

LED offers longer lifetime, cooler operation, reduced power consumption, lower voltage 

and small size, high luminous efficiency and ease in color rendering. The dual ability of 

LED to serve as a lighting source along with being a communication device arises because 

of the capability of fast switching of LEDs and modulation of visible electromagnetic light 

waves for communications. As reported by Komine et al. LEDs for VLC also offers 

advantages like minimum shadowing, easy installation, absence of electromagnetic or RF 

interference and avoids the need for widening angle at the receiver end in contrast to 

infrared wireless communication [170]. In addition, VLC using LEDs can boast higher 
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privacy/security for optical communication, license free spectrum and ecofriendly (no 

health regulation) benefits which makes it an intriguing choice. The optical VLC system 

can be easily utilized with the modulation of parameters including intensity, polarization 

or phase/frequency for the optical signal. The LED brightness can be adapted fast and at 

speeds faster than conventional light sources [171]. By controlling the LED light source 

intensity, data transfer can be made feasible through visible spectrum to a photo detector. 

The VLC system thus in total offers a lot of benefits including low power consumption, 

high bandwidth, and freedom from electromagnetic interference, no harm to the human 

body, and high security and privacy. 

Current LEDs use the approach of generating white light by having a blue emitter 

in unison with a phosphor and mixing generates white light. The challenges/limited 

bandwidth of the phosphor-based emitters for VLC arises on account of the slow time 

constant of the phosphor utilized for generating white light. Enhancing the bandwidth of 

these phosphor-based sources involves complex techniques like equalization of driving 

circuitry [172] and filtering out slow yellow component at the receiver end using a blue 

filter [173]. Du et al. has reported the effect of strain compensation for high speed VLC by 

tuning the carrier lifetime in InGaN/GaN LEDs, thus providing a detailed overview on the 

effect of internal strain inside the quantum well along the growth direction and the impact 

it has on modulation bandwidth [174]. Monolithic integration of nitride-based LEDs and 

photodetectors for bi-directional VLCs has been reported by Jiang et al. [175]. In contrast, 

nanowire LED structures hold several distinct advantages, including reduced dislocation 

densities and polarization fields and associated QCSE due to the effective stress relaxation 

whereas planar counterparts are constrained by efficiency droop and low efficiency in the 

green to red spectral regime [57], mainly because of the presence of strong polarization 
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fields [51], poor hole transport [144], defects and dislocations, Auger recombination [49], 

carrier delocalization [82], electron overflow and leakage. Moreover, in terms of VLC 

applications, the bandwidth of conventional III-nitride systems is currently limited to the 

MHz level, which can be utilized for the needs of broadband Wi-Fi systems. This can be 

accounted to the long carrier recombination lifetime and piezoelectric fields in current III-

nitride planar based LEDs.  

The strong internal electric fields subsequently cause a reduced overlap between 

the electron and hole wave functions in the active regions of the LEDs, which in-turn suffer 

from long radiative recombination lifetimes (10-100 ns) as well as low internal quantum 

efficiency. The conventional phosphors used to convert the emission to white light are also 

reported to have even longer decay times and thus further causes severe concern regarding 

the available bandwidth. The nanowire-based LEDs offers ability to reduce the internal 

electric fields and are thus expected to fabricate faster and ultra-energy efficient LEDs with 

ultrafast modulation speeds for next generation III-nitride based white lighting and VLC 

applications. The nanostructures employed in LEDs also reports the reduction in the 

radiative recombination lifetime and increase in the optical efficiency. Such high-

performance phosphor-free nanowire LEDs are being further improved and are ideally 

suited for future smart lighting applications and communications. 

Furthermore, the transmission rate in VLC systems is dependent on the modulation 

bandwidth, which is estimated by the minority-carrier lifetime in III-nitride 

semiconductors. In this regard, we have developed InGaN/AlGaN core-shell nanowire 

white LEDs with drastically reduced surface non-radiative recombination, leading to an 

enhanced carrier lifetime and output power compared to conventional LEDs without using 

core-shell structures. Minority carrier lifetime in semiconductor further affects the response 
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frequency and consequently limits the LED modulation bandwidth. Hence currently LED 

bandwidth is limited below the theoretical bandwidth limit of 2 GHz. White LED 

modulation bandwidth and modulation characteristics along with the effect of spatial light 

intensity on amplitude frequency characteristics has been reported elsewhere [176].  

VLC which thus encompasses short-range optical wireless communication using 

visible electromagnetic spectrum from 380 to 780 nm can thus utilize fast nanosecond 

switching of LEDs (faster than the persistence of the human eye) and can effectively 

provide an inexpensive alternate with just simple LEDs and photodetectors, to the already 

running out spectrum bandwidth for traditional radiofrequency (RF) communication below 

6 GHz. LEDs [177] are thus being considered as an optimal stage for VLC due to its ability 

to emit and receive light at the same time (with multiplexing). In this context, we have 

fabricated III-nitride nanowire white-LEDs that exhibit high color rendering value (CRI) 

up to ~98, which is more efficient when compared to the current phosphor-based white-

LED technologies. Moreover, we have explored the practical applications of nanowire-

based LEDs for VLC and will thus provide a novel perspective for utilizing high efficiency 

phosphor-free white nanowire LEDs in indoor wireless and commercial broadband 

communication networks.  

The III-nitride LEDs exhibit relatively high 3-dB frequency bandwidth of ~ 1.4 MHz. 

To this end, we found III-nitride LEDs can be utilized as light sources and can be easily 

modulated with injection current making it a viable candidate for the indoor VLC setups 

and increase in bandwidth would enhance the traffic data rate for VLC transmission. Such 

high-performance phosphor-free nanowire LEDs are being further improved and are 

ideally suited for future smart lighting applications and communications. 
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4.2 Experimental Details 

Veeco Gen-II MBE system with RF plasma assisted nitrogen source was employed to grow 

the InGaN/AlGaN nanowire LED heterostructures. The n- and p-type doping of GaN was 

accomplished by using Si and Mg, respectively. The device active region consisted of 10 

vertically aligned InGaN dots sandwiched by 3nm AlGaN shell layers. Additional 

information regarding MBE growth and device fabrication of nanowire structures can be 

found in Chapter 3 and our works [24, 142, 178]. 

 

 
 

Figure 4.1 450 tilted scanning electron microscopy image illustrating the surface 
morphology of the molecular beam epitaxy grown InGaN/AlGaN dot-in-a-wire 
heterostructures grown on a n- type Si (111) substrate. 

 
 

Surface morphology of the self-organized InGaN/AlGaN nanowire LED 

heterostructure on n-type Si (111) substrate acquired via SEM is depicted in Figure 4.1. 

The 45 degree-tilted cross-sectional SEM image shows that the nanowires grown on silicon 

substrate were highly uniform in nature. Variation of In concentration in InGaN dots 

resulted in the generation of multiple colors from the active region of the nanowire device. 

Wire areal density is ~1 x 1010 cm-2. During the growth of AlGaN barrier layer, an AlGaN 

shell layer fully covering the InGaN dot active region is spontaneously grown due to the 



82 
 

diffusion-controlled growth process [60, 69]. These core-shell heterostructures offers 

exceptional reduced nonradiative surface recombination and enhanced carrier injection 

efficiency [96]. Detailed information for the MBE growth and structural properties of this 

InGaN/AlGaN core-shell nanowire structures can be found in our journals [69, 142].  

4.3 Results and Discussion 

Figure 4.2 represents the photoluminescence (PL) spectra of the InGaN/AlGaN LED 

structure acquired using a 405 nm laser excitation source at room temperature. The inside 

of Figure 4.2 represents the normalized PL intensity spectra for multiple colors obtained 

from nanowire devices. 

 

Figure 4.2 Photoluminescence spectra depicting phosphor free white LED with 
GaN/InGaN nanowire system with normalized individual color spectra shown inside. 

 
 

Full color emission with wavelengths tuned from near infrared to deep ultraviolet 

can be realized by the tuning the band gap viz. by controlling growth temperatures and 

In/Ga flux ratio. The PL spectra, evident from Figure 4.2 shows that a broad PL spectrum 

which covers the entire visible wavelength range can be utilized to have phosphor-free 
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nanowire white LEDs. An increase in the concentration of In in the active region 

corresponds to a lower band gap material/ higher wavelength like red color emitting from 

the fabricated device. This color mixing approach has thus been reported to envision high 

quality (CRI values~98) for LEDs [24]. 

 

 
 

Figure 4.3 (a) Electroluminescence spectra illustrating color tuning and (b) 
electroluminescence spectra of phosphor free white nanowire LEDs along with optical 
micrograph. 

 
 

Figure 4.3 shows the EL spectra from different InGaN/AlGaN LEDs. Figure 4.3(a) 

which is the normalized EL spectra shows the ability of the bandgap engineering approach 

to generate LEDs with peak wavelengths ranging from 475 nm to 650 nm, in accordance 

with the PL results. Strong white light emission was accomplished within a single nanowire 

device by mixing multiple colors within the active region of the InGaN quantum dots. The 

InGaN/AlGaN core-shell structure in contrast to the conventional InGaN/GaN structure 

exhibits an enhanced optical intensity of >8 times because of the reduced non-radiative 

surface recombination. The AlGaN barrier grown diffusively leads to effective carrier 

confinement due to its large band gap shell and consequently leads to a dominant radiative 

carrier recombination.  
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Figure 4.3(b) depicts the emission spectra of the InGaN/AlGaN core-shell 

phosphor-free white nanowire LED devices. Inset of Figure 4.3(b) represents the optical 

micrograph image acquired for the same white LEDs. To minimize junction heating effect, 

EL spectra was measured under pulsed duty cycles. The broad emission spectra cover the 

entire visible spectrum regime. The EL spectrum upon increasing injection current shows 

that the device emission was highly stable and is almost independent of injection currents. 

The negligible shift in the peak wavelength of EL spectra pointed out to reduced quantum 

confinement stark effect (QCSE) in the fabricated device [65].  

The strain generated during the MBE nanowire growth has been relaxed through 

the higher surface area of the nanowire devices, especially through the top and side walls 

of the nanowires. This in turn leads to a reduced strain/ polarization within the device. The 

lower built in electric field is reported to result in improved radiative recombination rate in 

the quantum well and subsequently resulting in high speed bandwidth VLC. The negligible 

efficiency droop arising due to the strong carrier confinement provided by the quantum dot 

heterostructures further leads to a reduced electron overflow, enhanced carrier injection, 

and other higher order effects on the device quantum efficiency. Such novel and unique 

dot-in-a-wire heterostructures is shown to have significantly higher internal quantum 

efficiency (IQE) which has been linked to the higher effective carrier confinement along 

the wire radial direction, thus reducing the nonradiative carrier recombination on the 

nanowire lateral surfaces. 

Figure 4.4 presents the current-voltage (I-V) characteristics of the InGaN/AlGaN 

nanowire LED. The reduced QCSE, defect density and internal electric field/ polarization 

which were minimized results in excellent diode performance. Sharp increase of forward 

bias current in I-V characteristics graph corresponded to the lower series resistance for the 
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device. 

 

 
 

Figure 4.4 Room temperature current-voltage characteristic of the phosphor-free white 
nanowire LED. 
 
 

Leakage current was found to be of the order of few milliamperes at higher voltages 

because of the excellent attributes for the nanowire structure. LED modulation speed, 

which is often constrained by the series high resistance of the device [179] can thus be 

significantly improved through the approach of having nanowire photonic LEDs because 

of its lower series resistance values. 

The phosphor-free nanowire white LEDs were then characterized for application 

communication. Figure 4.5 represents the schematic of VLC experimental platform used. 

The LED was operated within the permissible DC current limit for avoiding reduction in 

electrooptical efficiency arising from temperature instability as required. The optical 

source was phosphor-free nanowire white LED with Lambertian emission. The electrical 

sinusoidal signal input was superimposed with the DC bias via a bias-T. The signal input 

was generated with the help of RIGOL DG 2041 A, 40 MHz Function/Arbitrary waveform 

generator. The VLC transmitter is composed of the nanowire phosphor-free white LED. 
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The receiver end is composed of focusing (concentration) lens from Edmund Optics and 

then coupled to a PIN photodetector (Thorlabs 200-1100 nm PDA10A Si amplified 

detector).  

 

 
 

Figure 4.5 Schematic of the Experimental Setup for VLC. 

 
 

Direct line of transmission between the receiver and transmitter was achieved by 

proper aligning and placing of receiver in front of the LED. The output signal from positive 

intrinsic negative (PIN) module was sampled and then saved by means of an oscilloscope 

for offline demodulation. The electrical signal output from the PIN photodetector can then 

be amplified using the amplifier or hooked up as it is to the oscilloscope (Tetronix 3 GHz 

MDO4034-3 Mixed Domain Oscilloscope). The 3-dB bandwidth is referred to as the 

frequency at which the peak-peak value of the applied signal drops to 0.707 times its initial 

peak-peak signal value. 
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Figure 4.6 shows the frequency response curves obtained for white LEDs. A DC bias 

current and peak-peak modulation current were tuned accordingly to optimize the signal to 

noise (SNR) of transmission [180]. A DC bias is applied so that the LED is in its linear 

region of operation and that it also generates adequate average light power for illumination.  

 
 

 
 

Figure 4.6 Comparisons of frequency responses between (a) commercially available 
planar thin film white LED and (b) III-nitride thin film white LEDs. 

 
 

 
 

Figure 4.7 Frequency response of phosphor-free nanowire white LED. 
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Figure 4.6(a) and 4.6(b) shows the frequency response and the bandwidth achieved 

using the commercially available planar thin film white LED and III-nitride thin film white 

LEDs, respectively while Figure 4.7 shows the same for III-nitride nanowire white 

phosphor-free light emitting diodes. 

The frequency characteristics of the electro-optical-electro channel measured 

shows that the three LEDs behave similarly. Bandwidths around 3-dB for III-nitride thin 

film LEDs and commercial planar thin film white LEDs was found to be around ~500 KHz, 

1.4 MHz and ~1MHz further substantiating the claim of stress relaxation/ reduced 

polarization and QCSE in nanowire LEDs. The response frequency of LED is reported to 

play a crucial role in directly impacting the available bandwidth of the VLC system. Inset 

of Figure 4.6(b) shows that there is a linear relationship between the injection current 

density and bandwidth of VLC light sources. The measured 3 dB bandwidths of the LEDs 

improve with increase in current density, which has been attributed to the fact that enhances 

carrier injection density into the active volume leads to higher carrier bimolecular 

recombination of electrons and holes. This obtained trend of increasing current injection is 

being employed in high power LEDs for high speed VLC applications. The reduction in 

internal electric fields originated from stress relaxation through the top and sidewalls of 

nanowire surface consequently further leads to better overlap between the electron and hole 

wavefunctions in the active regions of the LEDs. This in turn improves the recombination 

lifetimes (10-100 ns) and enhances internal quantum efficiency. 
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4.4 Conclusion 

This work has presented a simple approach using phosphor-free nanowire white LEDs and 

low-cost photodetectors in developing VLC systems with significant bandwidth. The 

experimental results show improvement of direct modulation speed in phosphor-free 

nanowire white LEDs and validate the claim that optical VLC using the latter is indeed 

feasible and can generate to a higher bandwidth than the conventional thin-film and 

existing LED sources, due to its reduced QCSE and enhanced stress relaxation. The 

modulation characteristics study of LEDs reveals linear relationship between operation 

current density and 3 dB bandwidth of LEDs which makes high power LEDs an excellent 

candidate for bi-directional high-speed VLC. With better optimizing of design structures 

to achieve LEDs, lasers, the system performance can be improved significantly to envision 

high speed broadband VLC. The ability of VLC using phosphor-free nanowire white LEDs 

will pave the way for next generation indoor communication on account of its high data 

rate possibly. Further exploration on stress relaxation of nanowires can contribute to 

innovating high bandwidth VLC.   
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CHAPTER 5  
 

PHOSPHOR-FREE III-NITRIDE NANOWIRE LIGHT-EMITTING DIODES ON 
METAL SUBSTRATES FOR FLEXIBLE PHOTONICS 

 
 
 
In this chapter, high performance III-nitride nanowire LEDs on copper (Cu) substrates were 

demonstrated via substrate-transfer process. Nanowire LED structures were first grown on 

silicon-on-insulator (SOI) substrate by molecular beam epitaxy. Subsequently, the SOI 

substrate was removed by combining dry and wet etching processes. Compared to 

conventional nanowire LEDs on Si, nanowire LEDs on Cu exhibit several advantages, 

including more efficient thermal management and enhanced light extraction efficiency due 

to the usage of metal-reflector and highly thermally conductive metal substrates. The LED 

on Cu, therefore, has stronger photoluminescence, electroluminescence intensities and 

better current-voltage characteristics compared to the conventional nanowire LED on Si.  

Our simulation results further confirm the improved device performance of LED 

on copper, compared to LED on Si. The light extraction efficiency of the nanowire LED 

on Cu shows 9 times higher than that of LED on Si at the same nanowire radius of 60 nm 

and spacing of 130 nm. Moreover, by engineering the device active region, we achieved 

high brightness phosphor-free LEDs on Cu with highly stable white light emission and 

high color rendering index of ~ 95, showing their promising applications in general 

lighting, flexible displays and wearable applications. 
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5.1 Research Motivation  

III-nitride semiconductors have been intensively studied for optoelectronic devices, due to 

the superb advantages offered by this materials system [33, 181]. The direct energy 

bandgap III-nitride semiconductors can absorb or emit light efficiently over a broad 

spectrum, ranging from ~ 0.65 eV (InN) to 6.4 eV (AlN), which encompasses from deep 

ultraviolet to near infrared spectrum [33, 182]. However, due to the lack of native 

substrates, conventional III-nitride planar heterostructures generally exhibit very high 

dislocation densities that severely limit the device performance and reliability. On the other 

hand, nanowire heterostructures can be grown on lattice mismatched substrates with 

drastically reduced dislocation densities, due to highly effective lateral stress relaxation 

[23, 183]. The growth of nearly defect-free III-nitride nanowire heterostructures has been 

reported on various substrates, including Si and sapphire [148, 184, 185]. Moreover, 

nanowires have emerged as a powerful platform to effectively scale down the dimensions 

of devices and systems, ideally suited for future nanophotonic and nanoelectronic devices 

[186-189].  

Nanowire LEDs with emission in the ultraviolet to visible wavelength range have 

been intensively studied for applications in solid-state lighting, flat-panel displays, and 

solar-blind detectors [24, 142, 190-192]. Nevertheless, currently reported nanowire LEDs 

generally exhibit very low external quantum efficiency, which may be attributed to the 

presence of defects on nanowire surfaces [83] and/or low light extraction efficiency (LEE) 

[193]. Moreover, III-nitride nanowire LEDs are normally grown on Si substrates, which 

may largely absorb photon emitted from the LED active region, severely limiting the light 

output power. Additionally, Si semiconductor exhibits low electrical conductivity and 

thermal expansion coefficients compared to metal substrate [194]. High power LED 
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applications, nonetheless, require large-area chips and can operate at high injection current 

which mostly will heat up the devices. Generally, quantum efficiencies, output power and 

lifetime reduce rapidly when the junction temperature increases [195]. Therefore, 

managing heat dissipation is seriously considered. Besides the applications in solid-state 

lighting illumination, the use of LEDs in telecommunications, and decoration displays for 

flexible electronics devices has also been intensively developed due to the feasible 

integration of such LEDs in these electronic devices [196-200]. Organic LEDs have been 

first studied because of their ease to grow on plastic substrates. However, for these types 

of LEDs, high electrical performance, low resistance, long-term reliability and controlled 

doping concentrations still remain challenging issues [201, 202]. These issues can be 

addressed in inorganic semiconductor using III-V and related materials. In this regard, the 

replacement of Si substrate by a suitable metal, therefore, promises the improved device 

performance, including high output power and less heating effect [203].  

In this work, we have systematically developed high brightness InGaN/AlGaN 

nanowire full-color LEDs on Cu substrate from both simulation and experiment. The 

simulation results show that LEDs on Cu has significantly enhanced LEE compared to 

other LED structures; which is ~ 9 and 7 times higher than that of LED on Si and flip-chip 

LED on Si substrates, respectively. The experimental results further confirm that the LED 

on Cu substrate shows significantly enhanced light output intensity, and better current-

voltage characteristics over the conventional LEDs on Si substrates. Moreover, highly 

stable white light emission with color rendering index of ~95 was recorded for the flip-

chip nanowire LED on Cu substrate due to the properly controlled Indium composition in 

the device active region.  
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5.2 Simulation and Device Structure  

Illustrated in Figure 5.1, three InGaN/AlGaN nanowire LED structures were 

comprehensively studied utilizing the finite difference time domain (FDTD) method. 

These LED structures include conventional p-side up nanowire LED on Si substrate (LED 

1), n-side up LED on Si substrate (LED 2), and n-side up LED on metal substrate (LED 3), 

shown in Figures 5.1 (a), (b) and (c), respectively. N-side up LEDs are also called as flip-

chip LEDs throughout this work. 

 
 

 

 
Figure 5.1 Schematic structures of (a) LED 1, (b) LED 2, and (c) LED 3 with peak 
emission wavelength at 550 nm. 

 
 

The device structure is composed of an n-GaN layer, InGaN/AlGaN multiple 

quantum well active region and a p-GaN layer. The active region is composed of ten InGaN 

wells (3 nm thick layer) sandwiched by 3 nm AlGaN barrier layers. The thickness of n- 

and p- type GaN regions are 350 nm and 150 nm, respectively. The underlying substrate is 

assumed to be Si and metal for the typical and flip-chip InGaN/AlGaN nanowire LEDs, 

respectively. The refractive indices of the AlGaN and n-GaN/p-GaN regions considered in 

all simulations are 2.6 and 2.5, respectively. Flip-chip LEDs exhibit lower forward voltage 

and series resistance, which can be accounted to the enhanced current spreading in the p-
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GaN layer. This can be attributed to the reason that the whole p-GaN layer is in contact 

with the Cu layer here, thereby improving the innate high resistivity of p-GaN; as reported 

in similar work [204]. Hence, during the design phase of the nanowires, we have further 

optimized the p-GaN thickness to study the effect of p-GaN thickness on the LEE of 

nanowire LEDs. 

Lumerical FDTD solution [205] is employed to numerically investigate and 

compare the LEE of nanowire LEDs versus spacing and radius of nanowires. The 

measuring monitors placed above and around the LEDs to collect all optical power emitted 

from the designed nanowire device structures. The LEE is defined as the ratio of the power 

emerging from the structure to the total power generated within the active region by the 

dipole. Generally, III-nitride nanowire LEDs grown by molecular beam epitaxy (MBE) 

have radius in the range of 20-80 nm [96, 148, 206, 207]. In our simulation, therefore, we 

first considered the nanowire array with hexagonal arrangement of 50 nm radius and the 

nanowire centre-to-centre spacing of 130 nm for all LED devices. The geometry of the 

nanowires has a dominant effect in the emission of generated photons from active region 

into air. The radius and spacing of nanowires are among the parameters which can be used 

to maximize the LEE of nanowire LEDs. With proper design of nanowire spacing and 

radius, the light can be coupled through nanowires and scattered out of the device.  

Figures 5.2(a) and 5.2(b) depict the LEE vs radius at a constant spacing of 130nm, 

and LEE vs. spacing at a constant nanowire radius of 50nm, respectively. Shown in Figure 

5.2(a), LED 2 demonstrated an enhancement in the LEE compared to LED 1 because of 

the shorter distance between the active region and the Si substrate, consequently stronger 

reflection from substrate. When compared to the light absorptive properties of silicon 

material, flip-chip LEDs with light reflective mirrors has been reported to have an 
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enhanced LEE [204, 208, 209]. The aforementioned argument has been used to support the 

fact that LED 3 has a higher LEE compared to LED 2, attributed to the presence of a 

stronger reflection of light from metal/Cu substrate, and also due to the reduced absorption 

in Cu as compared to Si substrate [210, 211].  

 
 

 
 

Figure 5.2 (a) Variation of LEE with change in spacing (for a constant radius of 50 nm) 
and (b) change in radius (constant spacing of 130 nm. (c) electric field distribution plot 
from top monitor for a flip-chip on metal. (d) electric field plot from top monitor for a 
normal p-i-n LED structure on Si substrate. 

 
 

The stronger reflection ensures a higher probability of light generated from the 

active region to be reflected back from the substrate, which is eventually extracted after 

multiple total internal reflections inside the LED structure. Moreover, the presence of a 

metal layer in flip-chip LEDs ensures the formation of a good ohmic contact at the p-type 

region [208, 209] and serves as optical reflector and current spreading layer [212] to 
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facilitate the current injection to LED active regions. 

Variation of critical parameters such as radius and spacing between nanowires play 

an important role on LEE. Shown in Figure 5.2, there is an optimum radius and spacing to 

avoid photonic bandgap (PBG) and have high LEE. The electric field plots depicted in 

Figures 5.2(c) and 5.2(d) show the electric field distribution for both the flip-chip LED 

structures on Cu and typical LED structure on Si substrate, respectively. Both flip-chip 

structures refer to regular periodic structures with a radius of 50 nm and centre-to-centre 

spacing of 130 nm. Illustrated in Figure 5.2(c), in the flip-chip structure, the light is not 

locally stagnant, rather much better propagated within the structure. In other words, as 

compared to a conventional LED device composed of multiple nanowires, there is a 

contribution from majority of nanowires within the device towards light extraction, as 

opposed to a normal p-side up structure on Si substrate (shown in Figure 5.2(d)), where 

light extraction is typically concentrated towards the centre and only a minority of 

nanowires (placed in the middle of the device) contributes to the light extraction.  

We have further considered a variation in nanowire radius and wire spacing for 

nanowire LEDs in which nanowires are randomly arranged since self-organized III-nitride 

nanowires are not naturally periodically arranged on the substrate. Figure 5.3(a) represents 

the LEEs of 16 typical random flip-chip LED structures with different nanowire radius and 

spacing. The radius from 47.5 nm – 52.5 nm and centre-to-centre spacing in the range of 

125 nm – 135 nm were considered. The LEE of the random LED structure has an average 

LEE of 26.79% while the nanowire LEDs with nanowire radius of 50 nm and a spacing 

130 nm is 9.61%. For periodic structures, the LED devices may operate in the PBG mode, 

while for the same amount of randomness in a random structure, there is the probability of 

device working outside the scope of PBG modes. Figure 5.3(b) depicts the effect the p-
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GaN thickness on LEE of a flip-chip device structure. Modification in p-GaN thickness of 

nanowire has a sizable contribution to the LEE. P-GaN shows a strong variation in trend 

of LEE with p-type thickness. The latter behavior is explained by the 

superimposition/interference effect between the forward and backward travelling photons 

[213]. The latter reaffirms the necessary constraints for constructive reflection occurring 

within the active region of the nanowire. This in turn stresses the need for optimizing the 

p-type layer thickness for the best LEE. Compared to previously mentioned parameters, 

the p-GaN shows a strong variation in LEE. It is even worse for smaller thickness because 

of the high reflection from reflective layer on the top of substrate.  

 
 

 
 
 

Figure 5.3 (a) LEE for 16 different random structures with multiple nanowire diameter 
and nanowire spacing and between them. (b) variation of p-type height with LEE of a flip 
chip (n-i-p) structure on metal. (c) and (d) electric field contour plots for a typical random 
flip chip structure on metal and a random normal (p-i-n) structure on Si Substrate. 
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Figures 5.3(c) and 5.3(d) represent the electric field contour plots of a random flip-

chip on metal and random normal p-i-n structure on Si substrate, respectively. As in the 

case depicted in Figures 5.2(c) and 5.2(d) periodic nanowire structures, the distribution of 

contribution towards light extraction remains the same in random flip-chip and regular 

random p-i-n structures, illustrated in Figures 5.3(c) and 5.3(d). 

5.3 Experiment and Results  

Highly uniform nanowire LEDs with radius of ~60 nm was grown on the SOI substrate, 

shown in Figure 5.4. The device-active region consists of 10 vertically aligned 

InGaN/AlGaN quantum dots, which can provide white light emission, because of the In 

compositional variations (∼10−50%) of the InGaN-active region [61, 65]. Each InGaN 

quantum well has a thickness of ~ 3 nm and is capped by ~ 3nm AlGaN layer. Detailed 

growth conditions for such nanowire LED heterostructures were described in other 

publications [60, 65, 69, 184]. 

 
 

 

Figure 5.4 45o tilted SEM image of nanowire LEDs on SOI substrate. 
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The surface morphology and orientation of nanowire LEDs grown directly on SOI 

substrate are much more uniform compared to those of nanowire LEDs grown on SiO2-on-

Si substrate reported in our previous study due to the local surface roughness of amorphous 

SiO2 on Si [214, 215]. Such properties may lead to higher optical and structural 

performances of the LEDs on SOI compared with LEDs on SiO2-on-Si wafers. 

The fabrication process of LEDs on Cu substrate is described in Figure 5.5. 

Nanowire LEDs were first grown on SOI substrate by MBE. Polyimide resist was then 

spin-coated to fully cover the nanowire, followed by oxygen plasma etching to reveal the 

nanowire top portions (Figure 5.5(a)). Subsequently, polyimide was hard-baked at 350o C 

for 45 minutes. Metal contact with Ni (10 nm)/Au (150 nm) was then deposited on top of 

nanowires to serve as p-type contact and also the metal reflector, followed by electroplating 

of 150µm Cu. Deep reactive-ion etching was then applied to remove Si substrate with the 

etching rate of 12 µm/min, illustrated in Figure 5.5(b). The etch-stop SiO2 layer was then 

removed by buffered oxide etching solution while the remaining Si top layer was removed 

by Tetra methyl ammonium hydroxide (TMAH). Finally, Ti (5 nm)/Au (5 nm)/ITO(200 

nm) and Ti(10 nm)/Au(100 nm) were deposited to serve as the top metal contacts, shown 

in Figure 5.5(c). The LEDs on Si substrate were also fabricated for comparison. Devices 

with areal size of 1 × 1 mm2 were used for characterization. For a fair comparison, all 

measurements were performed on LEDs at similar locations on the wafers for both LEDs 

on Cu and LEDs on Si substrates. 
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Figure 5.5 Fabrication procedure of nanowire LEDs on copper substrate. 

 
 

Detailed optical and electrical characterizations of nanowire LEDs on Cu substrate 

were performed. PL study was performed by using a 405 nm laser as the excitation source 

with a microscope objective, high-resolution spectrometer, and photomultiplier tube to 

collect and detect the emissions from the LED samples. The current-voltage of the 

nanowire LEDs were measured using a power supply (Keithley 2402). EL emission of the 

LED devices was collected by an optical fiber directly connected to an Ocean Optics 

spectrometer. All measurements were conducted at room temperature.  

 

 
 

Figure 5.6 Room Temperature (a) photoluminescence spectra of flip-chip nanowire LED 
on Cu (blue curves) and conventional nanowire LED on SOI substrates (black curves). (b) 
electroluminescence spectra of flip-chip nanowire LED on Cu (blue curves) and 
conventional nanowire LED on Si substrates (black curves). 
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Shown in Figure 5. 6(a), after being transferred to Cu substrate, the PL intensity of 

nanowire LED on Cu (LED 3) is enhanced by a factor of 1.5 compared to that of as-grown 

nanowire LEDs on SOI substrate. Such enhancement is mainly attributed to the improved 

light extraction efficiencies due to the significantly reduced light absorption after removing 

the Si substrate. Moreover, the Ni/Au bi-layer may work efficiently as a reflector to further 

enhance the LEE [194]. This further confirms that the nanowire damage during the 

transferring process is almost negligible. A small blue-shift of ~1.5 nm was recorded for 

nanowire LED on Cu compared to that of nanowire on SOI which is attributed to the fact 

that the strain has been relaxed due to the release of nanowires from the SOI substrate 

[216]. The EL intensity of the LED 3 was measured of nearly twice higher than that of the 

regular nanowire LED on Si (LED 1), shown in Figure 5.6(b). Such enhanced PL and EL 

intensities agree well with the simulation results presented in Figures 5.2 and 5.3.  

 
 

 
 

Figure 5.7 (a) Current-voltage, and (b) light output power versus injection current 
characteristics of conventional nanowire LED on Si Substrate (LED 1) and nanowire LED 
on Cu (LED 3). 

 
 
 
 



102 
 

Figure 5.7(a) shows the current-voltage characteristics of a nanowire LED on Cu 

compared to a similar growth condition nanowire LED on Si substrates. The LEDs on Cu 

substrate (LED 3) exhibit excellent current-voltage characteristics and show lower leakage 

current and slightly higher current in forward bias, compared to the LED device on Si 

substrate (LED 1) at the same voltage. At 20 mA injection current, the operating voltages 

for LED 3 and LED 1 are 3.2 V and 4.1 V, respectively. At -8V reversed bias, the 

corresponding currents for LED 3 and LED 1 are -0.5 mA and -1.5mA, respectively. The 

lower voltage of LED 3 may be attributed to the better heat dissipation and substrate 

conductivity of the nanowire LED on Cu substrate which is consistent with other reports 

[195, 217, 218]. Shown in the inset of Figure 5.7(a), the optical image of light emission 

from the LED device on Cu substrate, demonstrating the successful fabrication of such 

nanowire of on metal substrates. Figure 5.7(b) shows the relative light output power of 

both LED 1 and LED 3 for comparison. It is shown that LED 3 exhibits stronger output 

power compared to that of LED 1. Such output power enhancement is attributed to the 

enhanced LEE in LED 3 which was explained previously. To further increase the output 

power of LED 3, several limiting factors should be considered and addressed, for instance, 

improving the transparency of the top Ti/Au/ITO top metal contact and optimizing the 

nanowire geometry including wire density, diameter, and height.  

We have further developed phosphor-free white LEDs on Cu substrate by 

engineering the In composition in the InGaN active region, thereby, white light emission 

with full visible spectrum was achieved. This method was reported earlier in chapter 5.  
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Figure 5.8 (a) EL spectrum and (b) CIE Diagram of phosphor free white LEDs on Cu 
substrate. 

 
 

Figure 5.8(a) shows the EL spectra of phosphor-free white-LEDs on Cu substrate 

under different injection currents. The experiment was conducted under pulse bias 

condition with duty cycle of 1% to minimize junction heating effect. The peak wavelength 

is almost stable when current increases from 50 mA to 500 mA attributed to the low 

quantum confined Stark effect [219]. Moreover, the LED device achieves stable white light 

emission on CIE diagram, shown in Figure 5.8(b). The device achieves high CRI of ~95 

showing promise as a candidate for solid-state lighting and display.  

5.4 Summary and Conclusion 

In summary, we have demonstrated high performance InGaN/AlGaN nanowire white 

LEDs on Cu substrate without using any phosphor converter. The improved performance 

including stronger photoluminescence, electroluminescence intensities, and current-

voltage behavior were recorded for the transferred nanowire LED on Cu substrate, 

compared to conventional LED on Si. Such enhancements are attributed to the reduced 

light absorption by the substrate, the enhanced LEE and reduced heating effect. Moreover, 
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the substrate transfer approach presented in this work can be applicable for fabricating LED 

devices on metal substrate, plastic or many other platforms where the epitaxial growth of 

LED structures cannot be directly grown on, due to high growth temperature. This work 

also provides promising approach for the integration of III-nitride nanowire LEDs in future 

solid-state lighting, visible light communication, and decoration displays as flexible 

electronics devices. 
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CHAPTER 6  
 

MOLECULAR BEAM EPITAXIAL GROWTH AND DEVICE 
CHARACTERIZATION OF AlGaN BASED NANOWIRE ULTRAVIOLET-

LIGHT-EMITTING DIODES 
 
 
 
This chapter reports on the design and fabrication of high performance AlxGa1−xN 

nanowire ultraviolet (UV) LEDs on silicon substrate by MBE. The emission wavelength 

and surface morphology of nanowires can be controlled by varying the growth parameters 

that include substrate temperatures and/or Aluminum/Gallium flux ratios. The devices 

exhibit excellent current-voltage characteristics with relatively low resistance. Such 

nanowire LEDs generate strong emission in the UV-B band tuning from 290 nm to 330 

nm. The electroluminescence spectra show virtually invariant blue-shift under injection 

current from 50 mA to 400 mA, suggesting the presence of a negligible quantum-confined 

Stark effect. Moreover, we have shown that, the AlGaN nanowire LEDs using periodic 

structures, can achieve high light extraction efficiency of ~ 89% and 92% for emissions at 

290nm and 320nm, respectively. The randomly arranged nanowire 290 nm UV LEDs 

exhibit light extraction efficiency of ~ 56% which is higher compared to current AlGaN 

based thin-film UV LEDs.  

We also report in this chapter our study on the effect of optical absorption in 

nanowire UV LEDs using three-dimensional finite difference time domain simulation. 

Utilizing nanowire structures can avoid the emission of guided modes inside LED structure 

and redirect the trapped light into radiated modes. The optical loss due to material 

absorption can be decreased by reducing light propagation path inside the LED structure, 

and consequently enhance the light extraction efficiency (LEE). Nanowire form factors 

including size, and density play important roles on the LEE of UV nanowire LEDs. In this 
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chapter, the nanowire spacing and diameter are considered in simulation to reach maximum 

LEE. Our results show an unprecedentedly high LEE of ∼34% can be achieved for deep 

UV emission at 240 nm. Moreover, UV nanowire LEDs with random structure can exhibit 

LEE of ∼19% which is comparable or higher than that of high efficiency UV thin-film 

LEDs.  

6.1 Current Problems with AlN and AlGaN based UV LEDs 

Al(In)GaN-based semiconductor has the potential for optoelectronic devices, including 

LEDs and laser diodes (LDs),because of their ability to have emission wavelengths in the 

UV spectral region (200-365 nm). Such UV devices holds immense importance for broad 

range of applications in display, lighting, disinfection, chemical and biochemical sensors, 

air-water purification, and white-light generation via phosphor excitation. Earlier, the 

bulkier mercury and Xenon lamps were employed to visualize a UV emission source. But 

on account of their severe drawbacks such as being expensive, hazards it poses to 

environment due to presence of mercury, short lifetime, needing high voltage operation 

and more importantly since the emission wavelength cannot be tuned limited the practical 

operations of UV based lamps.  

In contrast to mercury-based UV lamps AlGaN-based UV LEDs has many 

advantages, including cost-effective, mercury-free, long-life, low-to-moderate voltage 

operations, etc. But, the performance of such devices degrades significantly with 

decreasing operation wavelength, i.e., increasing Al content. This is because of the 

increasing density of defects and dislocations during epitaxial growth with an increase in 

Al content or lower emission wavelength. For instance, the currently reported maximum 
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light output powers for AlGaN MQW deep UV LEDs for peak emission wavelengths of 

241 nm, 256 nm and 284 nm are 1.1 mW, 4.0 mW and 10.6 mW, respectively. Highest 

EQE reported for 279 nm emission is as low as 7%.  

IQE drops drastically from ~50% to less than 1% for the LEDs operating in the UV 

wavelength regime of 250-300nm [220-222] to 210 nm [221], respectively. For as AlN 

devices emitting in UV-C range, EQE values are of the order of ~0.1% and the output 

power is of a few tens of nW thus limiting practical applications.  Thus the large densities 

of defects and dislocations and resultant low IQE of <10%, large device turn on voltage 

that stems from inefficient p-doping, strong polarization fields and unique transverse 

magnetic (TM) polarization of the light emission makes light extraction from conventional 

c-plane AlN LEDs real challenging [21, 221, 223-226]. 

6.1.1 Large Densities of Defects and Dislocations 

III-nitride semiconductors can be grown on a variety of substrates including SiC, sapphire, 

Si, GaN etc. with different lattice constants and thermal expansion coefficients [227-229]. 

This lattice mismatch can lead to structural defects and threading dislocations (TD) and 

cracks during epilayer growth process [230]. Dislocation densities of the order of 108 cm-

2, or higher are typically observed in AlGaN and/or InGaN heterostructures grown on 

sapphire, SiC and other foreign substrates. Approaches to reduce dislocation densities 

include insertion of a low temperature AlGaN/AlN layer [231, 232], pulsed atomic layer 

deposition technique to grow high quality AlGaN [233-235], and epitaxial lateral 

overgrowth (ELO) [236-238]. By ELO method, significant reduction in dislocation 

densities (~106 cm-2) can be achieved in GaN and AlN film structures [233, 239]. However, 

with the latter approach, dislocation reduction mainly occurs primarily over the mask 
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regions instead of the entire film. 

6.1.2 Different Growth Kinetics of Al Adatoms 

AlGaN material system is different from GaN material system in terms of growth kinetics 

[230]. The sticking coefficient of Al is higher than that of Ga adatoms. Thus, during the 

epilayer growth process Al adatoms prefers to cause islands to nucleate, rather than 

forming steps by the incorporation of energetically favorable lattice sites. This in turn leads 

to dislocations and grain boundaries disrupting the epitaxial growth. 

6.1.3 Inefficient p-doping 

 

 
Figure 6.1 Mg acceptor activation energy level in AlGaN as a Function of Al composition 
for AlxGa1-xN alloys [240]. 

 
 
Magnesium (Mg) is typically used as p-type dopant with III-nitride semiconductors. Also, 

with the increasing bandgap energies from InN (~0.65eV), GaN (~3.4eV) and 

AlN(~6.2eV), activation energies for Mg dopant also increase as well, i.e., ~61 meV for 

InN, ~166 meV for GaN, ~550 meV for AlN [241]. Inefficient p-doping issue becomes 
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more pronounced in case of deep UV LEDs. Activation energy of a Mg acceptor in AlxGa1-

xN with x mole fraction from 0 to 1 increase from ~160 meV to ~500 meV, thus making 

realization of deep UV LEDs difficult [241]. The measured hole concentration in Mg-

doped AlN epilayer is as low as ~1010 cm-3 because of this high acceptor ionization energy. 

Moreover, realizing p-type conduction in narrow bandgap InyGa1-yN is severely limited by 

the commonly measured surface electron accumulation. Nevertheless, approaches like 

tunnel junction [242, 243], polarization induced hole doping [244, 245] and Mg-delta 

doping [246] has been proposed to increase the efficiency of p-type doping. Figure 6.1 

depicts the activation energy of Mg acceptor as a function of Al composition [240]. 

6.1.4 Strong Polarization Fields and Unique TM polarization of the Light Emission 

One of the major issues with realizing high performance deep UV and deep visible LEDs 

and lasers is the large polarization fields associated with the conventional c-plane of 

wurtzite III-nitrides. Optical emission is strongly polarized in the AlxGa1-xN epilayers 

grown along c-axis. In other words, the electric field of photoluminescence of GaN is 

perpendicular to c-axis (𝑬𝑬⊥𝒄𝒄), which is referred to as transverse electric (TE) and that of 

AlN is parallel to c-axis (𝑬𝑬∥𝒄𝒄), known as transverse magnetic (TM) polarization. 

Furthermore, relative light emission intensity of the dominant TM polarization of the 

emitted light in AlxGa1-xN compounds changes significantly with the varied Al 

composition. The TE and TM polarization crossover occurs at an Al molar fraction, i.e., x 

value of 0.25 [247]. The polarization and subsequently the crossover thus depend on the 

internal electric field and strain present in the structure [248-252]. This unique light TM 

polarization property of AlxGa1-xN prevents top surface light extraction from conventional 

c-plane Al-rich AlGaN UV LEDs, thus drastically degrading LED performance. 
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6.2 Research Motivation Behind UV Based III-Nitride Nanowire LEDs 

GaN based LEDs are among the most promising next generation of solid state light sources 

which exhibit several advantages such as long lifetime, energy saving, compact size and 

environment friendly [36, 57, 253-260]. GaN based LEDs are applicable for various 

photonic applications with respect to their wavelength emission from deep UV to near 

infrared by tuning the compositions of their device active regions, consequently, altering 

the material band gap energy [15, 24, 261-263]. Recently, UV LEDs represents a 

potentially large market/customer base on water/air/surface purification and disinfections, 

and many other areas. The primary markets for these devices include bio-medical and 

analytical instrumentation, fluorescence sensing, curing, phototherapy and 

water/air/surface purification and disinfection [264-267].  

The realization of efficient nanowire LEDs has been limited in the UV ranges 

because of the performance degradation with increasing Al composition due to the 

extremely low EQE, which is directly related to the UV light absorption in the Ga(Al)N p-

contact layer [267] and, the unique transverse magnetic(TM) polarization properties of 

high Al composition AlGaN quantum wells (QWs) [251, 268]. Although the LEE of 

current UV LEDs is limited at <10% [193, 269], using nanowire structures could overcome 

the poor performance of such UV emitting devices. Moreover, due to the large surface to 

volume ratio, the LEE is expected to be tremendously improved in nanowire LED devices. 

We have recently reported the enhanced LEE of AlGaN UV LEDs by using nanowire 

structures [270] in which emission wavelength at 280 nm was considered.  

Though, the LEE of UV LEDs have been enhanced by nanowire structures, the 

strong material absorption are not negligible especially at the short wavelength range such 

as deep UV (<280 nm). The performances of GaN based LEDs falls short of what is 
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expected due to material absorption. The material absorption is determined by the 

imaginary part of the dielectric constant which leads to the lower LEE due to the light being 

absorbed inside the UV LEDs. Photons emitted from active region may be either trapped 

or absorbed inside the UV LEDs. This shows that improving LEE and diminishing light 

absorption of UV LEDs have thus become the recent focus of researches [224, 271, 272]. 

The nanowire structures, which have large surface to volume ratio, can reduce the material 

absorption and enhance the LEE in III-nitride UV LEDs due to increased light escape 

probability and decreased light propagation path inside nanowires. In this chapter, we focus 

our study on the material absorption and LEE enhancement in III-nitride deep UV LEDs. 

Finite-difference time-domain (FDTD) analysis [205, 273, 274] is thoroughly conducted 

inorder to elucidate the role of material absorption and how this reduces the LEE of GaN 

based UV LEDs for various parameters such as the radius and spacing of the nanowires. 

The FDTD calculations predicted the UV LED design with the specific nanowire radius 

and spacing can be utilized to develop the high efficiency III-nitride UVLEDs. 

A compact, highly efficient, and high-power UV light-source with emission 

wavelengths below 350 nm has attracted great attention due to its wide range of 

applications. The primary applications of such UV emitters include remote detection of 

biological and chemical compound, cancer detection and fluorescence sensing or Raman 

[253]. The possibility of generating light sources using GaN based LEDs for photonic 

applications, with emission ranging from deep UV to near infrared by tuning the material 

bandgap makes them the versatile materials in the photonic industries [24, 142, 178]. 

Optoelectronic devices working in the deep UV spectral region are being sought out 

because of their potential applications in disinfection [45, 46], water purification [47, 48], 

medical/biomedical instruments, and high-density optical LASER for recording [275].  
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In contrast to the existing bulky and hazardous mercury UV lamp sources, UV 

LEDs offer high efficiency [20, 276] and specific features like wavelength selectivity, 

compactness [256, 257] and environmental-friendly light sources which make them a better 

choice to replace the future era devices. UV-B (290 - 320 nm) range of wavelength has 

been sought out for its capability of generating vitamin D in our body through exposure 

[277, 278]. Moreover, UV-B emission is widely used for phototherapy which involves 

treatment of the skin, by exposing it to a UV-B source of light [279, 280]. The latter 

procedure is extremely useful to treat various diseases ranging from skin cancer, psoriasis, 

stimulating wound healing, stimulating the immune system and DNA analysis [277, 278]. 

This particular spectrum has also found its use almost exclusively in the skin tanning 

industry. The UV-B lights, when incident to the skin, activates a pigment called melanin 

in epidermal skin, which aids or accelerates the process of tanning [281]. Devices used 

traditionally for producing UV spectra of light are large and bulky, like UV lamps 

consisting of mercury. These devices exhibit low efficiency and lack of flexibility as well. 

The alternative approach for UV sources using highly efficient AlGaN nanowire 

heterojunction structures seems to be far superior [242, 244, 282].  

To improve the performance of LEDs, their external quantum efficiency (EQE), 

which is directly proportional to the product of internal quantum efficiency (IQE) and light 

extraction efficiency (LEE), must be enhanced. Approaches that include patterned 

substrates [267], rolled up nanotubes [283], surface roughing [284] and photonic crystal 

patterns [271] have been used in the past to enhance the LEE of UV LEDs. In this regard, 

the III-nitrides targeted to reach the latter goal of UV LEDs has been limited by 

performance constraints on account of their extremely inefficient p-type doping [285, 286] 

due to only small fraction of Mg being activated at room temperatures, large dislocation 
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density [287], which lead to low efficient, low output power LEDs. On account of this, III-

nitride nanowire based UV LEDs exhibit exceptional performance compared to AlGaN 

based thin-film UV LED structures resulted from the significantly improved light output 

power due to drastically reduced dislocations and polarization fields, and better 

effectiveness in p-type doping. Such great advantages pave the way for a candidate in 

boosting the IQE of UV LEDs [21, 288]. In this context, we have fabricated high 

performance LEDs with emission wavelength can be tunable from 290 nm to 330 nm 

grown by molecular beam epitaxy (MBE). The devices exhibit relatively low resistance 

with excellent current-voltage characteristics. The electroluminescence (EL) spectra show 

negligible blue-shift under injection current from 50mA to 400mA, proving that the 

nanowire UV LEDs exhibit strong and stable emission with significantly reduced 

polarization fields and negligible quantum-confined Stark effect [67, 148]. Moreover, 

using periodic nanowire structures, we have shown that, the UV LEDs can achieve high 

LEE of ~ 89% and 92% for emissions at 290nm and 320nm, respectively. The randomly 

arranged nanowire UV LEDs exhibit high LEE of ~ 56% which is higher compared to 

current AlGaN based thin-film UV LEDs at similar wavelength emission. 
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6.3 Structural Optimization and Simulation for UV-B Nanowire LEDs 

 

 
Figure 6.2 Schematic illustration of GaN based nanowire UV-B LED structure with inset 
image presenting the detailed structure of n-AlGaN layer, a quantum well active region, a 
p-AlGaN layer, and p-GaN layers. 

 
Three-dimensional Finite-Difference Time Domain (FDTD) simulation is employed to 

analyze and calculate the LEE of the UV LEDs. The nanowire LED heterostructures are 

designed with emission wavelength in the UV-B band. The nanowire UV LED structure is 

schematically shown in Figure 6.2. The array is abab (hexagonal) form. Each nanowire 

consists of 250 nm n-GaN, 100 nm n-AlGaN, 60 nm quantum well (QW), 100 nm p-AlGaN 

and 10 nm p-GaN. The underlying substrate is Si (111). The device spans 2.5 µm × 2.5 

µm, enclosed in 12 perfectly matched layers (PML) to absorb outgoing waves without 

causing any unwanted reflection of boundaries [289, 290].  

The parameters of PML (attenuation factor (sigma)) and (auxiliary attenuation 

coefficient (kappa)) are set to 0.25 and 2, respectively. Via Lumerical adaptive meshing 

[291], the minimum mesh step size was set to 0.25 nm. The source to replicate the 

excitation was a single dipole source with Gaussian shape spectrum, and TM mode (electric 

field parallel to nanowire axial direction) is placed in the nanowire in the middle of the 
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nanowire array, in the middle of the active region. In AlGaN LEDs, the electric field 

direction parallel to the c axis which accounts for TE polarization which is the prominent 

emission in UV-B LEDs [251, 270] is taken into perspective. The simulation wavelengths 

are chosen to be 290 nm and 320 nm to cover the UV-B. The ratio of the power emitted 

from the side surfaces of the LED to the total emitted power of the device active region is 

considered as the LEE. 

To understand the dependency of LEE on the nanowire parameters including radius 

and spacing, a contour plot relating these three parameters can be seen in Figures 6.3(a) 

and 6.3(b). A relatively high LEE (92%) is acquired at a center to center spacing of ~170 

nm and radius of 65 nm for emission at wavelength equal to 320 nm. Similarly, LEE of 

~89% was calculated for nanowire UV LEDs with emission at 290 nm when the radius and 

spacing value are ~62 nm and 186 nm, respectively. The enhanced LEE values especially 

from lateral sides of the nanowire structure arises due to the mode coupling within the 

nanowires. During the generation of coupled modes, light propagates horizontally through 

the nanowires and thus can be extracted. 

 

 
 

Figure 6.3 The contour plots for AlGaN based nanowire UV-B emitters depicting LEEs 
with the radius ranges of 49–69 nm, and center to center (c-c) spacing ranges of 165–200 
nm with light sources of (a) 290 nm (b) 320 nm and (c) LEE for 19 different random 
structures with different nanowire diameter and nanowire spacing between them for a light 
source of 290 nm. 
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To replicate identical scenario to the fabricated nanowire structures via MBE 

spontaneous growth in which the nanowire diameter is varied in a range of 5%, we 

introduced a randomness of around 5% thus generating non-periodic structures with 

different nanowire radius and spacing and computed the LEE, as plotted in Figure 6.3 (c). 

The LEE of the random UV-B LED structure with a tolerance of 10% from the optimized 

conditions for LEE has an average LEE of ~56 %. This LEE value is lower than the periodic 

structures, however, it is still a high value in comparison to the existing UV-B LEDs at the 

same emission wavelength. This variation in LEE can be explained by the LED device 

switching within and outside the photonic band gap modes. The nanowire LED periodic 

arrays can be considered as active photonic crystal structures. Yet, photonic crystals 

themselves are utilized in photonic bandgap regions whereas the nanowire LED periodic 

array is utilized in the non-bandgap regions.  

Photonic bandgap regions are sets of wavelengths prohibited from propagating 

throughout the structure. Since the nanowire LED arrays prefer non-bandgap regions, light 

propagates through the structure into surrounding air. Depending on the need of 

application, the nanowire photonic crystal structures have multiple operating regimes, 

namely, light confinement regime, which is used for lasers, and light transmission regime, 

used in LEDs [270]. Nanowires with varying diameter and spacing result in the formation 

of different wave vectors, and hence distinctive degrees of transmission at corresponding 

wavelengths. The low side LEE (blue area) represents the photonic bandgap region of 

periodic nanowire arrays or the inhibition of light propagation through the structure.  

The FDTD simulation utilized to acquire information about LEE of diverse nanowire 

array diameter and spacing used Particle Swarm Optimization (PSO). Therefore, careful 
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control over spacing and radius is to be exercised to endure least possible total internal 

reflection at the semiconductor-air interface, which would aid the light to escape the device 

leading to a higher LEE and reduced material absorption in the deep UV LEDs [292]. The 

effect of variation in spacing and radius can be seen by examining the contour plot. The 

LEE varies from 1% to 90%. The reason for this can be accounted to the formation of 

coupled modes, leading to a jump in LEE. 

6.4 AlGaN Periodic Nanowire UV LEDs 

Figure. 6.4 shows the schematic of AlGaN based UV LED structure which is considered 

during the FDTD analysis for understanding the effect of optical absorption in deep UV 

nanowire LEDs. The LED structure includes an n-AlGaN layer, a multiple quantum well 

(MQW) active region, a p-AlGaN layer, and a p-GaN contact layer. Such nanowire arrays 

can be grown using the methods described in other works [293-295].  

 

 

 
Figure 6.4 The 3D schematic of GaN based UV LED structure including an n-AlGaN 
layer, a multiple quantum well (MQW) active region, a p-AlGaN layer, and a p-GaN layer. 
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Additionally, selective area growth is considered as a matured technique for 

achieving highly uniform periodic nanowire arrays with precisely controlled radius and 

spacing [296, 297]. The nanowires geometry play an important role in directing the 

generated photons from active region to the air. In our simulation, the spatial grid sizes in 

the FDTD simulation were automatically assigned by Lumerical adaptive meshing [291, 

298]. Compared to experiment results, some inconsistencies in the simulations can be 

induced considering the smaller device size which is adopted in the simulations due to 

limitations in computational resources. The simulated nanowire UV LED domain is 2.5 

µm × 2.5 µm.  

The perfect matched layers (PMLs) were employed as the absorbing boundaries all 

around the structures to avoid the undesired reflection of boundaries [289, 290, 299]. 

Although, the AlGaN MQW emit light in both transverse electric (TE) and transverse 

magnetic (TM) polarizations, the TM emission is dominant in AlGaN UV LEDs and 

increases significantly with increasing Al composition [251, 268].  

The electric field directions are perpendicular and parallel to the c-axis for TE and 

TM polarizations, respectively. At short wavelengths ∼240 nm, the optical emission of 

AlGaN LEDs is largely TM polarized. Therefore, the high LEE in deep UV nanowire LEDs 

is made possible by exploiting the lateral side emission properties of nanowires at the TM 

polarization. The significantly enhanced LEE from lateral sides of the nanowire structure 

is attributed to the mode coupling through the nanowires. When the coupled modes are 

formed, light propagates horizontally through the nanowires and can be readily extracted. 

The lateral side LEE is defined as the ratio of the output power observed around the side 

surfaces of the LEDs to the total power generated by the QW active region. When the 

material absorption is considered in AlGaN UV LEDs utilizing imaginary part of refractive 



119 
 

index, the LEE is estimated to be 34%, which is 30% lower than that of structure without 

considering material absorption. Such phenomena is a direct reflection of material 

absorption in this simulation.  

 

 

Figure 6.5 The contour plots show light extraction efficiencies with the radius ranges of 
42 – 58 nm, and spacing ranges of 155 – 210 nm for (a) the structure without material 
absorption, (b) light power loss due to material absorption, (c) the structure with material 
absorption. 

 
To provide a comprehensive understanding of LEE from nanowire UV LEDs, the 

contour plots constructed by LEEs with and without material absorption, and light loss due 

to material absorption were derived and presented in Figure. 6.5. In this regard, the 

variation in both nanowire radius and spacing between nanowires was introduced. The 

radius ranges of 42–58 nm, and spacing ranges of 155–210 nm were considered in this 

simulation. Shown in Figure. 6.5(a), the maximum LEE of 34%, which was calculated for 

the spacing of ∼195 nm and nanowire radius of ∼44 nm at wavelength of 240 nm. This is 

confirmed by the particle swarm optimization (PSO) process which is a population of 

random solutions [300]. It searches for the best solution by updating generations. In our 

study, a swarm includes 5 particles which represent a potential solution to LEE. The 

solution converged in 10 iterations, which means we perform the total number of 50 

simulations.  
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The low side LEE (blue area) can be described by photonic bandgap of periodic 

nanowire arrays which inhibit the light propagation through the structure. For some 

maximum LEEs such as the spacing ∼173 nm and radius of the nanowires ∼50 nm, very 

high light absorption can be seen in Figure. 6.5(b) due to longer pathlengths of light 

propagation which leads the light stays more time inside the semiconductor and increase 

the light absorption. Consequently, it is highly required to shorten the light propagation 

path inside the nanowires which is applicable by smaller radius nanowires. Moreover, the 

observed light extraction enhancement can be from the large nanowires surface which 

reduce the total internal reflection and decrease the absorption of the material by the shorter 

propagation distance. Comparing Figure. 6.5(c) and 6.5(a), it reveals that the diminished 

LEE is attributed to light absorbed by absorptive material in nanowires. The simulation 

results approved that the material absorption is one of important factors which deteriorate 

the nanowire LEDs output power evidently.  

 
 

 

Figure 6.6 The simulated mode profiles with the optimized nanowire parameters for the 
spacing ~195 nm and radius of the nanowires ~44 nm for the UV LED (a) without and (b) 
with material absorption, (c) the simulated mode profiles with same intensity scale. 
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Figure. 6.6 shows the simulated mode profiles with the optimized nanowire spacing 

and diameter. It is seen that light can be mostly extracted from sides of device and it is 

nearly half for the LED with absorptive material compared to lossless LED. 

The evanescent fields can be extended and produce a strong light propagation 

through the nanowires; thus, the LEE of the nanowire UV LEDs is significantly increased. 

Figure. 6.6(b) presents the simulated mode profiles for the UV LED with material 

absorption which has lower intensity compared to that of UV LED without material 

absorption, illustrated in Figure. 6.6(a). To clearly distinguish the difference between 

Figure. 6.6(a) and 6.6(b), the simulated mode profiles with same intensity scale are 

provided in Figure. 6.6(c). The light intensity for the structure with absorption is less than 

half compared to the lossless structure.  

6.5 Dependence of LEE on the Position of Nanowires and Size of LED Devices  

The LEE also depends on the device size. In order to gain further understanding of the 

relation between LEE and device size, we have performed simulation on devices with areal 

sizes in the ranges of Figure. 6.7. The simulated mode profiles with the optimized nanowire 

parameters for the spacing ∼195 nm and radius of the nanowires ∼44 nm for the UV LED 

(a) without and(b) with material absorption, (c) the simulated mode profiles with same 

intensity scale.2.5×2.5 µm2–10 × 10 µm2.  
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Figure 6.7 (a) Dependence of the light extraction efficiency on the various device sizes, 
(b) the light extraction efficiency for 20 different structures with random nanowire spacing 
and random nanowire radius, (c) the simulated mode profiles with the random nanowire 
spacing and radius. 

 
 

Illustrated in Figure. 6.7(a), it is found that LEE is slightly decreased by increasing 

the device size, and the maximum LEE for device different device sizes decreases from 

∼34% to∼18%. It is obvious that the LEE is less sensitive to the device size than other 

parameters such as nanowire radius and spacing. For practical applications, it is necessary 

to understand the dependence of the LEE on small variations of nanowire proper-ties due 

to the fabrication tolerances. The LEE is calculated for twenty distinct random structures 

as shown in Figure. 6.7(b). First, the spacing and radius of the nanowires are fixed at 195 

nm and 44 nm, respectively. Then we introduced a ±10% random variation in the nanowire 

radius and spacing between nanowires. With such a random distribution, we observed that 

the average LEE for the nanowire devices with and without absorption are 19% and 41%, 

respectively. Figure 6.7(c) shows the simulated mode profiles with the random nanowire 

spacing and radius. It is seen that some local cavities are formed which confine and localize 

light inside the UV LED structure. It should be noted that the LEE of 19% is still nearly 

two times higher than deep UV LEDs which is previously reported with maximum external 

quantum efficiencies of <10%. With well-controlled growth and fabrication process, it is 
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expected that the LEE of deep UV LEDs can become comparable to that of high efficiency 

visible LEDs. 

6.6 Experimental Details 

The AlGaN nanowire UV-B LED heterostructure, illustrated in Figure 6.2, was 

spontaneously formed on Si (111) substrates under nitrogen rich conditions by a Veeco 

Gen-II MBE system equipped with a radio-frequency plasma-assisted nitrogen source. The 

nanowire diameter and density can be controlled by controlling the substrate temperature 

and/or Al/Ga flux ratios, while the nanowire length was varied mostly by the growth 

duration. The nanowire size was selected according to the results obtained from the 

simulation/design task.  

Figure 6.2 depicts the schematic structure of GaN/AlGaN UV-B nanowire LED 

structure on Si substrate. The inset of Figure 6.2 presents the detailed structure of LED. 

The device fabrication route of AlGaN nanowire UV LEDs involves the following steps. 

Initially, for planarization and passivation, the nanowire arrays were spin-coated with 

polyimide resist solution, illustrated in Figure 6.8(a). This was followed by O2 dry etching 

to expose the top region of the nanowires, shown in Figure 6.8(b). Metal contact layer 

including Ni (5 nm)/Au (5 nm)/indium tin oxide (ITO) was then deposited to the exposed 

GaN:Mg surface to form top metal contacts. Shown in Figure 6.8(c), Ti/Au (10 nm/100 

nm) and metal-grid Ni/Au (10 nm/100 nm) layers were then evaporated on the backside of 

the Si substrate and top of ITO to form the backside and topside contacts, respectively. 
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Figure 6.8 Fabrication Procedure of UV-B Nanowire LEDs on Si Substrate. 

 
 

Additional information regarding the MBE growth and device fabrication of such 

nanowire LEDs can be found in similar works [24, 178]. Surface morphology of the UV 

nanowire LED heterostructures was studied by scanning electron microscopy (SEM). The 

nanowire UV-B LEDs exhibit quite uniform surface morphology and high density, as 

illustrated in Figure 6.9. 

 

 
 

Figure 6.9 450 Cross-sectional SEM image of nanowires grown on silicon wafer. 
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6.7 Results and Discussion 

Optical properties of AlGaN nanowire UV LEDs were examined using a 266 nm diode-

pumped solid-state (DPSS) Q-switched laser as the excitation source. The duration, 

maximum energy, and repetition rate of the laser pulse are 7ns, 4uJ and 7.5 kHz, 

respectively. To eliminate the emission from the excitation laser source, a long pass filter 

(> 270nm) was placed in front of the spectrometer. 

 
 

 
 

Figure 6.10 Normalized room temperature photoluminescence spectra of UV-B lights at 
290 nm, 300 nm, 320 nm and 330 nm from multiple AlGaN nanowire LEDs. 

 

 
 

Figure 6.11 (a) Electroluminescence Spectra of GaN/AlGaN Based UV-B Nanowire LED 
from 50 mA to 450 mA (b) Variation of Peak Wavelength with Current Injection. 
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Figure 6.10 presents the room temperature PL spectra of nanowire LEDs with the 

peak wavelengths were measured at 290 nm, 300 nm, 320 nm, 330 nm, respectively. As 

seen from the corresponding plots, the peaks match the designed wavelength of the light 

excited from the nanowire LEDs. Alteration of Al composition in the AlGaN quantum dots 

can be achieved either by using different growth temperatures and/or Al/Ga flux ratios. In 

the room temperature PL spectra, Al composition increases for a lower wavelength (or 

higher bandgap material) emission in the electromagnetic spectrum. Thus, for tuning the 

emission from 290 nm to 330 nm UV-B regime, Al composition is increased in the active 

regions. The emission peak at ~ 365 nm is corresponded to the emission from GaN 

segment.  

Figure 6.11 shows the EL spectra of the AlGaN nanowire UV-B LED with emission 

wavelength at 320 nm. The EL spectra were measured at room temperature using the Ocean 

Optics spectrometer (USB 2000) at injection currents from 50 mA to 400 mA for device 

area of 500µm × 500µm. The devices were measured under pulsed biasing conditions (~1% 

duty cycle) to minimize junction heating effect. The EL spectra exhibits a singular peak at 

around 320 nm which corresponds to the emission from the AlGaN quantum well, shown 

in Figure 6.11(a). Additionally, illustrated in Figure 6.11(b), the emission peak position 

shows very small shifts (1.5 nm) with increasing injection current, emphasizing the 

presence of a negligible polarization field due to the effective strain relaxation. It can be 

observed that the device shows a stable and strong emission at 320 nm independent of 

injection currents even with the absence of emission on the visible wavelength range; 

which was observed in AlGaN QW based UV LEDs, due to the deep level defects in 

AlGaN [301, 302]. This clean EL spectrum is crucial in the improvement of the signal-

noise ratio. 
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Figure 6.12 Current–Voltage Characteristics of the AlGaN Nanowire LED. 

 
 

Current-voltage characteristics of the UV LEDs are depicted in Figure 6.12. The 

defect density, internal electric field induced quantum confined Stark effect and 

polarization field, are minimized in nanowires in contrast to thin films, resulting in perfect 

diode performances with very low leakage current which is <1mA at reverse voltage of ~ 

-6V. The sharp increase of current in the forward bias confirms excellent current-voltage 

characteristics with low resistance. The leakage current can be attributed to the leakage 

paths arising due to the inadequate insulation between the nanowires and the polyimide 

resist as well as due to carrier recombination happening in active region of LED near the 

nanowire sidewalls due to surface states present [303]. 

6.8 Summary and Conclusions 

In summary, we have demonstrated high performance UV-B LEDs using novel AlGaN 

nanowire LEDs with high crystal quality on a large silicon substrate. The LEE of such 

nanowire UV-B LEDs has been significantly improved. The UV LEDs hold strong EL 

intensity with negligible blue shift. This study addresses some of the major issues with 
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reference to the practical applications of nanowire LEDs and provides a novel perspective 

of having high efficiency UV-B LEDs with tunable emission for medical applications. 

We have presented the design of periodic nanowire deep UVLEDs and investigated 

the role of material absorption using 3D FDTD simulation. While the emission of the 

guided modes can be avoided and redirected into radiated modes utilizing nanowire 

structures, the light extraction can be decreased by light absorption due to absorptive 

materials. Through a comprehensive investigation of different parameters including the 

nanowire size, density as well as the LED device size, we have shown that an 

unprecedentedly high LEE of ∼34% can be achieved. Although we have considered 

periodic nanowire UV LEDs with high LEE, UV LEDs with random structure can exhibit 

∼19% which is comparable to that of high efficiency planar UV LEDs. With properly 

designed nanowire structures, the UV light absorption can be reduced, resulted in the 

enhanced LEE in III-nitride deep UV LEDs. This study provides important information for 

the design of high performance opto-electronic devices operating in the deep UV 

wavelength regime.  
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CHAPTER 7  
 

POLYOL SYNTHESIS OF ZINC OXIDE-GRAPHENE COMPOSITES: 
ENHANCED DYE-SENSITIZED SOLAR CELL EFFICIENCY 

 
 
This chapter reports on the fabrication and characterization of Zinc Oxide (ZnO) and Zinc 

Oxide- Graphene (ZnO-G) composites via a simple chemical route-polyol process, using 

zinc nitrate hexahydrate, ethylene glycol and reduced graphene oxide (RGO) as the 

precursors [304]. The ZnO-G composites exhibit significantly enhanced 

photoluminescence, which is ~ 8 times stronger than that of ZnO samples. Such improved 

optical property is attributed to the contribution of plasmonic effect of graphene in ZnO-

G. Moreover, the high crystalline quality ZnO-G composites hold great potential for dye-

sensitized solar cell (DSSC) applications. The short-circuit current density was increased 

in the ZnO-G solar cell compared to that of bare ZnO device, which is around 1.930 

mA/cm2 and 0.308 mA/cm2, respectively. The conversion efficiency of the ZnO-G DSSC 

was measured as 0.438%, which is ~ 7 times higher than that of ZnO DSSC. The enhanced 

conversion efficiency achieved in ZnO-G DSSC resulted from the enhanced absorption 

and large surface area of the composite compared to ZnO. The synthesized flakes like ZnO 

and ZnO-G composites offer promising materials for DSSC applications. 

7.1 Research Motivation behind Zinc Oxide-Graphene Composites 

Metal oxides have been found to be an emerging area of interest for the past few decades 

because of its superior properties including high thermal resistance, electronic, catalytic 

and optical properties. Metal oxides, therefore, are inevitable for most of the 

semiconductor, gas sensor, thin-film technology, biomedical as well as in heterogeneous 
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catalysis applications. Among metal oxides, ZnO is the most prominent multifunctional 

semiconductor material that can be fabricated at low temperatures [305]. The wide energy 

bandgap, high excitation binding energy, radiation resistance and high chemical stability 

makes it an interesting material for sensors [306, 307], light-emitting diodes (LEDs), short 

wave-length lasers, solar cells [308], piezoelectric devices [309, 310] and transistors [310, 

311]. 

Different synthesis routes have been reported for the fabrication of ZnO 

nanostructures. Bitenc et al. developed hexagonal bipod like crystalline ZnO structures 

through a combination of polyol process and homogeneous precipitation by employing 

zinc nitrate hexahydrate and urea as starting materials [312]. Through ultrasonic reaction 

of zinc nitrate hexahydrate and hexamethylenetetramine, Pholnak et al. developed 

octahedral ZnO structures with excellent optical properties [313]. Morphologies of ZnO 

can be controlled by adjusting the temperature of the reaction as well as the concentration 

and type of process employed. ZnO particles in the form of wires [309, 314], sheets, 

needles, flowers, cups, multipods [312], octahedrons, pyramids and disks [315] have been 

developed through various methods like polyol method [316], sonication, chemical 

reduction and sol gel method [317]. 

ZnO materials have been made into composite/hybrid materials along with other 

metallic as well as graphitic structures to enhance their mechanical and piezoelectric 

properties. Li et al. improved the field emission of graphene by depositing ZnO nanorods 

on graphene surface by means of chemical vapor deposition [318]. These ZnO nanorod 

hybrid structures were shown to have efficient field emission with low threshold field, high 

field enhancement factor and excellent emitting stability. Recent studies have shown that 

the introduction of ZnO nanorods on graphene surface can enhance tunneling probability 
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as well as the number of emitters, thereby improving the field emission. ZnO has superior 

optical and electrical properties that include high electron mobility in the order of 1500 

cm2V-1s-1 at room temperature, wide band gap energy of 3.3 eV and a high exciton 

(electron-hole) binding energy of 60 meV. However, to overcome the drawback of poor 

catalytic activity in ZnO due to its photoelectron recombination [319], we are incorporating 

graphene into ZnO matrix thereby improving its photodegradation efficiency [320] and 

reducing photoelectron recombination. The latter reasons along with ZnO-G composite’s 

photosensitivity, electron transport capability, chemical stability and better light adsorption 

make it an interesting material we can even employ in the textile industry to remove dyes 

and other pollutants from sewage water, making the water reusable again. Graphene also 

exhibits superior properties like ultra-high electron mobility, large surface area, high 

chemical and thermal stability, excellent electrical and optical properties. Hence, it is 

incorporated into ZnO matrix making ZnO-G composites to improve its capacitance, field 

emission and photocatalysis properties as reported in other studies [321]. In a similar study,  

Le et al. reported the enhanced optical property of ZnO due to plasmon resonance 

effect of the metal nanoparticles by implanting plasmonic copper nanoparticle in ZnO and 

post annealing treatment [322]. Moreover, intercalating lithium into two dimensional 

materials like molybdenum disulfide (MoS2) showed plasmon resonances in the near 

ultraviolet and visible regimes [323]. MoS2 materials have also been intensively studied as 

prominent candidates for electronic and photonic devices due to their unique electronic and 

optical properties [323-325]. 

In this work, we have fabricated hexagonal wurtzite structure ZnO and ZnO-G 

foams, using zinc nitrate hexahydrate, ethylene glycol and reduced graphene oxide (RGO) 

as the precursors. The ZnO-G composites exhibit significantly enhanced 



132 
 

photoluminescence and absorption compared to bare ZnO. The dye-sensitized solar cells 

(DSSCs) fabricated from ZnO and ZnO-G composites are characterized. The conversion 

efficiency of ZnO-G DSSC is greatly increased compared to the bare ZnO devices, which 

are 0.438% and 0.067%, respectively. The prepared materials were characterized by X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), laser raman 

spectroscopy, scanning electron microscopy (SEM), energy dispersive X-ray analysis 

(EDX), photoluminescence spectroscopy (PL) and DSSC device performance studies. 

7.2 Materials and Method 

7.2.1 Reagents and Materials 

The starting materials zinc nitrate hexahydrate and ethylene glycol needed for the synthesis 

of zinc oxide foam were purchased from Sigma Aldrich. Graphite powder, Hydrogen 

peroxide (H2O2), HCl, and Hydrazine hydrate needed for the synthesis of RGO were also 

purchased from Sigma Aldrich. All the chemicals used throughout the study were of 

reagent grade purity. Distilled water was used throughout the experiment for the synthesis 

of RGO using Improved Hummers method. 

7.2.2 Preparation of Zinc Oxide (ZnO) and Zinc-Oxide Graphene (ZnO-G) Foam 

Figure. 7.1 depicts the schematic route for the synthesis of ZnO-G foams. Fluffy porous 

ZnO-G composite samples were fabricated using polyol process. Zinc nitrate hexahydrate, 

RGO and ethylene glycol reactants are initially sonicated for 15 minutes followed by 

introducing into a preheated 2500 C cylindrical glass dish. The NO2 gas evolution upon 

heating the sample resulted in the formation of highly porous ZnO-G foam. ZnO foams 

were synthesized in the same manner with the exception that RGO was not required. 
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Ethylene glycol in the sample reduces Zn2+ to Zn foam, thereby acting as a reducing agent 

as well as a pore-forming agent. The reaction in air and the high reactive nature of zinc 

ensure that it is further oxidized to ZnO foam. 

 

 

Figure 7.1 Schematic of polyol fabrication route of ZnO structure with (a) mixing of 
precursors including zinc nitrate hexahydrate, ethylene glycol and RGO (b) sonication of 
the reagent mixture for 15 minutes (c) burning of the reagent mixture at 2500C on a hot 
plate kept in fume hood and (d) formation of highly porous ZnO-G composite with inset 
depicting SEM of same. 
 
 

7.2.3 Fabrication of Graphite Oxide (GO) and Reduced Graphene Oxide (RGO) 

Graphite oxide was synthesized using modified hummers method. 2 g of graphite powder 

was added to a mixture of phosphoric acid (40mL) and con.H2SO4 (98%, 360mL). The 

volume ratio of sulphuric acid to phosphoric acid was 9:1. Magnetic stirring was then 

carried out at room temperature for 10 minutes. It was followed by the gradual addition of 

powdered KMnO4. Stirring was continued for another 24 hours with temperature being 

maintained at 900 C. The solution mixture was then cooled in an ice bath to room 

temperature. 14mL of H2O2 was added to the latter solution while keeping the beaker in an 
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ice bath since the preceding reaction is a highly exothermic one and stirring was continued 

for another 3 hours. Graphite oxide (GO) solution becomes yellowish brown in color 

because of the loss in electronic conjugation of graphite powder brought by oxidation. 

Metallic manganese ions were removed from the latter GO solution by washing with dilute 

HCl (5%). During the following stages, the latter reaction mixture was washed with 

deionized water and ethanol until the pH of the product reaches neutral condition. The 

neutral pH brown GO residue, which was collected after the centrifuging process, was 

filtered through a 0.24μm filter paper by means of a vacuum pump. The latter GO residue 

films were then subjected to vacuum drying at 4500 C for 24 hours, followed by grinding 

in an agate mortar.  

The intercalated GO with covalently bonded oxygen and non-covalently bonded 

water molecules acts as a hydrophilic material because of its functionalities at the edges. 

RGO was then synthesized from GO by using hydrazine hydrate as a reducing agent. In 

the hydrothermal synthesis route, which we followed 0.2 g GO powder was treated with a 

mixture of 93mL of deionized water and 7mL of hydrazine, hydrate. The colloidal solution 

mixture formed by the 30-minute sonication of latter solution was then transferred to an 

autoclave, followed by heating to a temperature of 1800 C for 12 hours. The thus obtained 

solution was washed with deionized water until neutral pH was attained for the fabricated 

RGO. The hydrophobic nature of RGO accelerates the later vacuum filtration and drying 

steps. Finely grounded RGO particles were obtained upon crushing of the latter dried RGO 

in agate mortar. The epoxide, hydroxyl, carbonyl etc. groups located apparently at the 

edges of the basal plane of GO layered structure were thus reduced using hydrazine 

hydrate, ensuring the formation of RGO. 
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7.2.4 Preparation of Electrodes for DSSC Studies 

The synthesized ZnO and ZnO-G powders were made into a slurry/paste for DSSC cell 

fabrication by mixing 7 mL of ethyl cellulose aqueous solution with 3 mL of poly (ethylene 

glycol) in an agate mortar. The ZnO and ZnO-G slurries were then applied as thin films 

onto a FTO glass substrate using doctor blade technique. The working area of ZnO and 

ZnO-G films were 0.25 cm2. Then the prepared films were air dried for 30 minutes, 

followed by annealing at 4000C with an increment of 20C/minute and maintaining the latter 

temperature for 1 hour. The sintered active ZnO and ZnO-G electrodes were then immersed 

in an N-719 ethanolic dye solution for a duration of 4 hours at room temperature. The 

immersed electrode was then rinsed with ethanol, followed by drying at room temperature. 

The counter platinum electrode was prepared by the thermal reduction of 

hexachloroplatinic acid in isopropyl alcohol solution at 4000C for 1 hour. By using a 

spacer, the separation was achieved between ZnO/ZnO-G photoelectrode and counter Pt 

electrode, sealing was performed by keeping the latter fabricated structure in a hot air oven 

at a temperature of 700C for a few seconds. Through the drilled hole in the counter Pt 

electrode electrolyte solution composed of 0.3 M lithium iodine and 0.03 M iodine in 

acetonitrile was introduced. At the end of the aforesaid-mentioned steps, the efficiency of 

the fabricated materials was calculated using a solar simulator under xenon light 

illumination with an intensity of 1 sun or 1000 W/m2. 

7.3 Experimental Section and Material Characterization 

The fabricated ZnO and ZnO-G foams were subjected to various characterization and 

spectroscopic studies. The XRD analysis was done using a Bruker X-ray powder 
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diffractometer with Cu-Kα radiation (λ=0.154 nm) in the 2θ range of 10-70 degree. The 

diffractograms were then analyzed and compared with the standard JCPDS files. The FTIR 

spectra were recorded using Bruker Optic Gmbh, Tensor 27 Model in the range of 4000 

cm-1 to 400 cm-1. Here in this FTIR, we employed a Ge based coating on KBr as the beam 

splitter while source setting employed was middle infrared. The laser Raman spectra for 

the samples were investigated using Renishaw U.K, Invia Raman microscope. The source 

employed was He-Ne laser having an excitation wavelength of 633 nm and energy setting 

of 18 mW. The Raman spectra were collected using a back-scattering geometry within an 

acquisition time of 40 seconds. The morphology of the foam was examined with a scanning 

electron microscope (SEM, JEOL HITACHI Model S-3000H instrument), after having 

taken the foam from the dish. Resolutions of the order of nm were possible under high 

vacuum with an accelerating voltage of around 25KV using the equipment. Energy 

dispersive analysis (EDX) was carried out for the samples with the help of a separate EDS 

detector mounted as an attachment for the SEM equipment. Absorption measurements of 

the fabricated ZnO and ZnO-G samples were performed using Fischer scientific UV–

visible spectrophotometer. PL measurements were carried out on a UV-VIS NIR double 

beam spectrophotometer (Model: Cary 5000 scan, PbS detector) under 275 nm excitation 

wavelength. The OCP (open circuit potential) variation of the fabricated ZnO and ZnO-G 

samples upon irradiation of UV light (wavelength 365 nm) over a span of 1 hour was 

measured through a 3-electrode system (employing fabricated ZnO-G as working 

electrode, platinum as a reference electrode and saturated Ag/AgCl as counter electrodes). 

DSSC current-voltage measurements were carried out using SS80 AAA Model solar 

simulator, with a light illumination intensity of 1 sun.  
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7.4 Results and Discussion 

Figure. 7.2 which is composed of XRD spectra conducted across the fabricated samples 

clearly depicts the formation of ZnO and ZnO-G foams. The fluffy ZnO and ZnO-G 

composite foams are found out to be of good crystalline nature from Figure. 7.2. The 

relatively higher and sharper diffraction peaks can be attributed to the good crystallinity of 

ZnO and ZnO-G within the network structure.  

 

Figure 7.2 XRD spectra of fabricated ZnO, ZnO-G and RGO samples. 
 
 

The strong diffraction peaks for ZnO are indexed such that 2θ peaks belong to 

(100), (002), (101), and (102) planes perfectly (JCPDS No: 361451) implying that 

hexagonal wurtzite phase ZnO foam is formed. The diffraction peak at 2θ=23.90 
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corresponds to the presence of (002) plane of π stacked hexagonal graphitic 

carbon/graphene in the foamy structure. The latter was having an interlayer spacing of 

3.34A0 corresponding to the van der Waal’s distance for sp2 hybrid carbon atoms [326]. 

 

 
 

Figure 7.3 (a) FTIR and (b) Raman spectra of RGO and ZnO-G Samples. 
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Figure. 7.3 represents the FTIR and laser Raman spectra acquired for the samples. 

A small shift of around 4cm-1 is observed in the Figure. 7.3(a) laser Raman spectra of ZnO-

G, datum being Raman spectra of RGO reaffirmed the chemical interaction between Zinc 

Oxide and reduced graphene oxide. The laser Raman spectra of 3-dimensional ZnO and 

ZnO-G foams as seen from Figure. 7.3(a) reveals that the porous fluffy ZnO-G material 

developed possess high quality graphene.  

The laser Raman spectrum comprises mainly of G band and D band at 1334 cm-1 

and 1598 cm-1, respectively. The G band is associated to E2g mode which refers to a 

measure of the vibration of sp2 bonded carbon atoms in the hexagonal lattice, D band is 

attributed to the defects and disorder in the hexagonal honeycomb lattice of graphite. 

Raman spectra gave an understanding of the degree of disorder within the graphitic 

lattice [327-329]. The shift in the Raman spectra for G band of ZnO-G in comparison to 

pristine graphene (1581cm-1) can be associated to the structural distortion of graphene 

associated with different bonds of C-C, C=O, C-H etc. present in graphene. The appearance 

of a relatively lower 2D band suggested that the fabricated ZnO-G composite comprises of 

few layers of graphene. As shown in Figure. 7.3(b), the formation of ZnO and ZnO-G 

foams was confirmed by FTIR spectroscopy. The characteristic peaks around 545 cm-1 and 

430 cm-1 observed in Figure. 7.3(b) corresponded to hexagonal wurtzite Zn-O. Typical 

stretching bands between 400 cm-1 – 600 cm-1 are reported to exist for pure wurtzite ZnO 

structure [312, 313]. Even though GO synthesized by modified Hummers method has been 

reduced into RGO by employing agents like hydrazine hydrate, still there will be some 

residual oxygen containing functional groups like O-H, C-OH in addition to the 

characteristic C=C bonds of graphene. 
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 The FTIR spectra of RGO exhibited several distinct peaks at 1106 cm-1 (C-OH 

stretching vibrations), 1400 cm-1 (C-C stretch), 1569 cm-1 (C=C aromatic bending), 3158 

cm-1 (C-H stretch). In addition, the band at 3460 cm-1 is associated with the stretching of 

hydroxyl (OH) group and the band at around 1608 cm-1 is related to C=C stretching within 

the graphitic domain. In ZnO-G composite, graphene incorporation into the ZnO matrix 

structure was clearly evident from the FTIR spectra. The high intensity of O-H might have 

been attributed to the presence of ethylene glycol acting as a protective agent on the surface 

of zinc oxide foams. There also arises a slight chance that one of the O-H groups of ethylene 

glycol interacts with ZnO surface getting adsorbed, enhancing the intensity of O-H bond 

in FTIR spectra [312, 313, 330]. 

 

 
 

Figure 7.4 SEM micrograph of (A-C) ZnO-G composite and (D-F) undoped ZnO samples. 

 
 

Figure. 7.4 depicts SEM images of ZnO and ZnO-G foams. SEM image revealed 

that the fabricated foam is a continuous porous structure with the appearance of flake/leaf 

like structure with pores at the surface and extended towards the interior. The SEM images 
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confirmed that spherical open pores of the order of nanometer and micrometer size are 

present in the sample, reaffirming our claim that the fabricated ZnO and ZnO-G foams are 

highly porous. In the presence of reducing agents like ethylene glycol the nuclei generation 

and growth are not controlled that much when compared to using powerful reducing agents 

like sodium borohydride and hydrazine hydrate. The latter reason results in the 

agglomeration of ZnO particles to acquire three-dimensional foam like structure as shown 

in the SEM images. High surface tension and high surface energy of zinc growth nuclei 

and nanoparticles also might have played a prominent role during the agglomeration of 

ZnO. Upon high magnification of the SEM micrographic of sample ZnO-G, we were able 

to visualize that fluffy graphene foam is composed of few graphene layers as witnessed 

earlier from Raman spectra. The ripples and wrinkles on the graphene film surface arise 

mainly because of the difference in thermal expansion coefficients between zinc oxide and 

graphene.  

The chemical treatments like strong oxidizing by KMnO4 and H2SO4 during 

modified Hummers method subjected on the graphite sample during the formation of GO 

also plays a significant role on the morphology of graphene films within ZnO-G. The nano 

sized pores might also improve BET surface as well as play a mighty role during 

electrochemical performance. Majority of ZnO foams appear to have been uniformly 

coated with graphene although only a comparative quantity of RGO was mixed with the 

precursor solution as starting material. Only few graphene nanosheets appeared on the 

surface morphology of ZnO-G composites. The aforesaid-mentioned phenomenon 

suggests that majority of reduced graphene sheets might have been embedded into the 

structure as a scaffold for ZnO structure as shown in the corresponding SEM image. 

Moreover, we cannot hinder the stacking tendency of graphene sheets to a complete extent. 
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The latter reason resulted in the generation of few-layer graphene films as reported in the 

literature. This drawback has been avoided by an extent by careful and controlled 

incorporation of graphene sheets. The pH of the reactant solution will have a major 

contributing effect to the morphology-shape and size of the particles. 

The chemical compositions of ZnO-G foams which were conducted using EDX 

spectroscopy are depicted in Figure. 7.5. From EDX and laser Raman results, it clearly 

shows that graphene is incorporated into the ZnO matrix. ZnO foam is the source for the 

strong presence of zinc and oxygen. Hydroxyl groups produced during the reduction of GO 

and incomplete combustion of ethylene glycol served the purpose of capping around ZnO 

and graphene structures. Thus the generated OH groups might also have contributed to the 

oxygen presence.  

 
 

Figure 7.5 Elemental EDS analysis for ZnO-G sample. 
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Figure 7.6 Comparison of the EPR Spectra for fabricated ZnO and ZnO-G samples w.r.t 
commercial ZnO powder. 

 
EPR measurement shown in Figure 7.6 is a sensitive and direct technique by which 

we were able to able detect paramagnetic impurity atoms along with studying their change 

in magnetic states upon excitation by optical light. The prominent g=1.96 line observed in 

commercial zinc oxide samples might be arising from positively charged oxygen vacancy 

as well as due to the conducting electrons situated within the surface centers and donor 

centers existing in bulk ZnO particles. The g=1.96 line is photosensitive and hence we can 

employ it for monitoring the photoexcitation of electron arising from deep level centers in 

the ZnO gap. EPR thus helps us to characterize the magnetic properties of defect centers 

even on an atomic scale within the ZnO structure [331].  

Possible defect centers in ZnO can be mainly classified as zinc vacancies, oxygen 

or interstitial sites, zinc on interstitial sites and oxygen vacancies. The commercial ZnO 

sample intrinsic defect g factor line at 1.96 has been given various explanations with 

respect to single ionized oxygen vacancies, assignments to shallow donors, zinc vacancies 
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or oxygen interstitials [332]. So, the controversy has been resolved partially by assigning 

the signal at 1.960 to a core signal within the core-shell framework model by researchers. 

The line shape of core signal has been reported to change with fabricating time suggesting 

strong size effect because of the phenomenon of confinement of electrons within the core. 

A single ionized zinc vacancy can be assigned to the EPR signal at g=2.00 as in the case 

of bulk ZnO we have fabricated here through polyol process. The latter mentioned g factor 

peak at 2.00 can also be accounted to an unpaired trapped electron on an oxygen vacancy 

site. It has been suggested based on Density functional theory (DFT) calculations reported 

by various researchers that the oxygen vacancies at the ZnO surfaces are stable and could 

trap electrons to generate paramagnetic (F+ centers). The latter reasoning can thus account 

for the EPR g=2.00 signal peak. EPR yields information on the defect surroundings [333].  

Based on the EPR results obtained, we can assume a core shell of ZnO as reported 

by many, in which the hexagonal core is composed of negatively charged zinc vacancies 

and the shell medium contains a high amount of defect complexes predominantly oxygen 

vacancies which are positively charged. The results in a discriminatory behavior of defect 

centers towards various excitation energies. The preceding reasons allow ZnO material to 

act like a p-type semiconductor [334] where by which we can utilize ZnO in the 

multidisciplinary fields of biomedicine and electronics. 

Figure. 7.7 shows the variation in open circuit potential (OCP) arising because of 

applied rectangular UV pulse. As observed, the UV irradiation results in negligible OCP 

drop indicating the stability of the device. The drop absence can be attributed to the better 

effective propagation of electrons within the structure in contrast to the accumulation of 

electrons found in OCP drop structures. Relaxation of OCP to normal value is observed 

upon removal of UV irradiation.  
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Figure. 7.7 clearly depicts the generation of electron-hole pairs within the 

synthesized ZnO and ZnO-G structures. Upon the impinging of UV light with energy 3.4 

eV (greater than the band gap of ZnO-3.3 eV) on ZnO samples, fluctuations in open circuit 

potential (OCP) was observed, suggesting the generation of electron- hole pairs [320, 335-

337]. The photo generated electrons migrate to RGO sheets. The holes generated in the 

valence band of ZnO generate (OH) radicals while the electrons captured on RGO react 

with oxygen forming transient superoxide radicals. The recombination of superoxide free 

radicals with electrons in RGO can make it an effective photocatalyst.  

 
 

Figure 7.7 Transient open circuit potential vs. time curves for ZnO-G composites. 

 
 

 
 

Figure 7.8 Comparison of (a) room- temperature pl spectrum with inset showing defect 
peak and (b) UV-Vis spectra for ZnO and ZnO-G samples. 
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Figure7.8(a) shows the room temperature PL characteristics of ZnO and ZnO-G 

samples. Strong PL peak intensity implies excellent optical characteristics. ZnO boasts 

about a UV centered emission of around 380 nm and a broad visible emission spectrum 

between 400 nm- 600 nm [338-340]. The peak at 380 nm can be accounted primarily due 

to the free exciton emission arising from ZnO structures [341]. The broad spectrum 

between 400 nm- 600 nm has been explained in relation to the presence of oxygen 

interstitials [342], single ionized oxygen vacancy in ZnO [343] and surface defects like 

oxygen vacancies [344] via multiple theories. Shown in the inset of (Figure. 7.8(a)), yellow 

defect emission is typically presented in samples fabricated from zinc nitrate hydrate 

aqueous solutions and arises on account of the oxygen interstitial [345, 346] and surface 

defect [347]. Because of the change in radiative transition rates / emission rates which 

consequently results in an enhanced specific narrow band PL spectrum. ZnO compounds 

shows enhanced absorption when mixed with RGO [348]. PL intensity of the ZnO-G 

composites was measured of around 8 times stronger than that of ZnO samples which is 

attributed to the plasmon resonance enhanced optical property in ZnO-G in accordance 

with previous reports [322, 323, 349]. Recent studies also suggest that the plasmonic effect 

of graphene do contribute in the enhancement of the photo response current in the ZnO–G 

DSSC [350]. 

Figure 7.8(b) depicts the UV–Vis absorption spectra of ZnO and ZnO-G 

composites. The absorption band at around 362 nm observed for ZnO can be attributed to 

the presence of highly crystalline ZnO [351], while an enhanced absorption was observed 

for ZnO-G composite. The latter ZnO-G presented with a red shift in the absorption edge 

towards 365 nm thus reinforcing claim of the incorporation of graphene in ZnO-G 

composite [352, 353]. Chemical interaction arising between the ZnO and graphene within 
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the hybrid structure resulted in a reduction of bandgap energy for ZnO-G composite, which 

in-turn researchers employ to tune the optical properties of ZnO [354, 355]. 

 
 

Figure 7.9 I-V-Characteristics of ZnO coated DSSCs and DSSC with ZnO-G electrode. 

 
 

Figure 7.9 shows the I-V characteristics for flake like morphology of ZnO and ZnO-

G DSSCs. From the I-V characteristics curves, the fill factor (FF) and the power conversion 

efficiency (η) can be calculated using the following equations. 

 FF =
Vmax ∗ Jmax

Jsc ∗ Voc
 

(7.1) 

 
η =

Jsc ∗ Voc ∗ FF
Pin

 
(7.2) 

In the previous Equations named (7.1) and (7.2), Vmax and Jmax are the maximum cell 

voltage and current density respectively corresponding to the maximum power point. The 

short circuit photo current density, open-circuit voltage and input power density are 

represented by the symbols Jsc, Voc and Pin, respectively.  

The solar cell efficiency along with other parameters are shown in Table 7.1. The 

enhancement in photocurrent generation efficiency of ZnO-G (η=.438%) electrode when 
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compared to ZnO electrode (η=.067%) presented in Figure. 7.9. By impregnating graphene 

into ZnO structures we were able to observe a significant increase in photocurrent (Jsc) 

because of graphene’s unique attributes like ultra-high electron mobility and high surface 

area. ZnO nanocrystallites impart high surface area and large current density, high photon 

to current conversion efficiency thereby making ZnO a future material for employing in 

DSSCs [356].  

 

Table 7.1 Characteristics of ZnO and ZnO-Graphene Dye-Sensitized Solar cells 

 
Materials JSC 

(mA/cm2) 

VOC 

(V) 
FF Power Conversion 

Efficiency 
(η) (%) 

 
ZnO 0.308 0.444 0.121 0.067 

ZnO-G 1.93 0.433 0.130 0.438 

 
 
 

The high surface area of ZnO thus can maximize the uptake of dye molecules within 

ZnO nanocrystallite along with providing a better adherence between ZnO and FTO 

surface. Proper tuning of the physical parameters like morphology, surface area can be 

achieved by altering the processing temperature, composition and pH of reactants. The 

aforementioned parameters are reported to have a profound effect in increasing the 

phototovoltaic efficiency.  

DSSC which is a low-cost solar cell is based on a semiconductor technology 

developed between an electrolyte and a photosensitized anode. Light energy which is 

stored in the form of photons is converted into electron-hole pairs in solar cells. Sunlight 

passes through the cathode and the conductor, finally reaching onto the metal oxide 
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nanoparticle coated anode. The generated electrons thus travel from anode to the cathode 

resulting in an electrical current [357]. In DSSC charge separation occurs at surfaces 

between dye, semiconductor and electrolyte. The dye molecules has to be thicker than the 

molecules so as to capture a large amount of incoming sunlight [358]. Here we have 

synthesized ZnO and ZnO-G composites having flower like morphology with satisfactory 

photovoltaic conversion efficiency. By proper tuning of various parameters like 

morphology, size distribution, fabrication temperature we can employ it in the future for 

making DSSCs with relatively high efficiency. 

7.5 Summary and Conclusion 

In summary, we report a new facile and reliable route for the formation of flower-like 

clusters of ZnO nano-materials based on polyol method. The fabricated ZnO-G composites 

and its properties were examined via multiple characterization techniques. Hexagonal 

wurtzite ZnO and ZnO-G foams were fabricated under ambient pressure in air through an 

inexpensive and straightforward modified polyol route. The environmentally friendly 

polyol route we have employed here is having the advantage that it can be extended for a 

large-scale synthesis as in industrial production without much difficulty. Enhanced 

photoluminescence intensity was achieved for the ZnO-G compared to ZnO. The high 

surface area ZnO particles thus fabricated can be used as a suitable anode material in DSSC 

as well as an excellent catalyst/adsorbent. 
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CHAPTER 8  
 

ENHANCED EFFICIENCY OF DYE-SENSITIZED SOLAR CELLS BASED ON 
POLYOL SYNTHESIZED NICKEL-ZINC OXIDE 

 
 
 
In the present work, nickel-zinc oxide (Ni-ZnO) particles have been fabricated through 

modified polyol route at 2500 C [359]. The highly porous Ni-ZnO samples developed were 

of high crystalline quality and exhibited great potential for dye sensitized solar cell (DSSC) 

applications on account of the quadrupled intensity values of short circuit current density 

of around 1.42 mA/cm2, in contrast to 0.31 mA/cm2 for a bare zinc oxide (ZnO) device. 

The conversion efficiency of the Ni-ZnO DSSC was measured to be 0.416% which is ~ 6 

times higher than that of ZnO solar cell. Detailed characterization techniques including X-

ray diffractometry (XRD), photoluminescence (PL), scanning electron microscopy (SEM) 

and energy dispersive X-ray spectroscopy (EDX) were performed on the samples. The Ni-

ZnO samples were crystalline with hexagonal wurtzite lattice structure. The improved 

efficiency of Ni-ZnO stems from the enhanced absorption and large surface area of the 

composite.  

8.1 Research Motivation behind Ni-ZnO Composites for DSSC 

Zinc oxide (ZnO) is the closest wide bandgap semiconductor for light-emitters and 

photovoltaics due to its direct bandgap and strong excitonic binding energy of 60 meV 

[360-362]. Diverse micro/nano-structures morphologies of ZnO including nanoribbons, 

needles [363], nanotubes, nanowires [314], nanowhiskers, pyramids [312], nanodots and 

flakes [364] have been fabricated using conventional ball milling, aqueous thermal 

decomposition, chemical precipitation [365, 366], hydrothermal reaction[367], catalyst 
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assisted vapor phase transport, thermal evaporation [368], sol-gel method [369], metal 

organic vapor-phase epitaxy [370] etc have been reported by multiple groups. For wide 

bandgap semiconductors, ZnO reported the first evidence for irreversible electron injection 

from organic molecules to the conduction band [371]. The diverse morphologies that can 

be attained for ZnO compared to existing metal oxides, and the unique anisotropic growth 

for crystalline ZnO material system provides key prospects for designing photoanodes of 

dye sensitized solar cells (DSSC). By incorporating metallic as well as 

carbonaceous/graphitic structures to ZnO [372], composite/hybrid materials with enhanced 

mechanical, optical and piezoelectric properties can be developed [373, 374]. 

Nanocrystalline ZnO has been doped with Mn2+, Ni2+, Co2+ and Cr3+ ions through 

solvothermal synthesis and sol-gel methods. The improved catalytic properties of ZnO 

upon doping with Ni2+ has been reported by Yang et al. [375].  

The power conversion efficiencies of solid state ZnO based DSSCs are much lower 

in comparison to their counterparts with quasi-solid state and liquid electrolytes. This lower 

efficiency of ZnO based systems has been explained by researchers on account of the 

dissolution of ZnO to Zn2+ ions by the adsorbed acidic dyes. This in turn is reported to be 

followed by the formation of an isolating layer/agglomerates of dye molecules like N719 

and Zn2+, resulting in blocking injection of electrons from dye to the semiconductor. The 

isoelectric point of ZnO is ~9 which implies ZnO is basic and prone to be attacked by acidic 

dyes. But on account of the evolution of new dye systems, ZnO-composite material systems 

based DSSCs are expected to replace the traditional silicon solar cell based technology. 

Furthermore, when compared to the more expensive cleanroom technology and processing 

resources needed for silicon (Si) based solar cell, the ZnO attributes include n-type 

semiconducting material, high stability, abundance in nature, simple composition and the 
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ability to be fabricated at lower temperatures at low costs which makes ZnO a better choice 

for current generation DSSCs. The heterojunction DSSCs of tunable composition metal 

oxide solar cells holds immense potential for further cost reduction and simplification of 

manufacturing of DSSC than the comparable efficient conventional Si solar cells. 

Moreover, the controlled tuning in the composition of ZnO composites, can lead to change 

in lattice parameters and crystallite sizes thus altering the energy bandgap to be utilized for 

multifunctional applications. Thus, the composite has the potential to be utilized in many 

of the electronic devices such as optoelectronic devices.  

The transition metal doped nanostructures are substantiated to be an effective 

method to adjust the energy bands and surface states of ZnO, introducing changes in the 

optical and physical properties of ZnO. These reasons along with the enhancement of photo 

conversion efficiency reported for NiO/ZnO cells, on account of decrease in charge 

recombination in photo electrode and increase of active surface area in counter electrode, 

makes Ni-ZnO composite DSSCs a unique candidate for future energy applications. 

Individual nickel and ZnO nanofiber yarn have been fabricated by electrospinning where 

a high voltage is applied over the precursor solution to overcome the surface tension of the 

solution, resulting in the generation of jet through the needle/nozzle [376]. Optical studies 

conducted across Ni-ZnO samples suggested that bandgap reduces with increase in 

nickel/doping agent, datum being bandgap (Eg) of ZnO-3.3 eV. 

In this context, we have synthesized metal oxide/transition metal (Ni-ZnO) hybrid 

structures with potential tunable electronic and optical properties which might provide an 

efficient charge transfer within the fabricated structure itself. The preceding attributes 

including the superior piezoelectric and pyroelectric properties of ZnO promise the use of 

Ni-ZnO composite material in the fields of piezoelectric transducers, field effect 
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transistors, electrodes for solar cells, thin film printing and transparent conductors. The Ni-

ZnO composites were fabricated by using nickel nitrate hexahydrate, zinc nitrate 

hexahydrate and ethylene glycol as starting materials. The polyol fabrication route at 2500 

C has other advantages including lower production cost, lower synthesis time and needs 

only moderate temperature for processing. The co-precipitation fabrication route with 

constant pH employed for the synthesis of metal-metal oxides have benefits that include 

high crystallinity, good textural properties and homogeneity [377].  

The sol-gel technique implemented for the synthesis of nanoporous oxides, and 

metal-metal oxides has been gaining wide recognition by researchers due to their high 

chemical homogeneity, lower fabrication temperature and ability to control the size and 

shape of particles [378]. Polyol acts as a reaction medium, functions as a stabilizing agent 

and reduces the particle growth as well [379]. The moisture content present in the sample, 

pH, composition and fabrication temperature of the polyol process can be varied to yield 

different morphologies for Ni-ZnO composites. The porous, crystalline Ni-ZnO 

composites developed, showed excellent potential for DSSC applications on account of 

their enhanced current density values of around 1.42 mA/cm2 which was 4 times higher 

than the value of a bare ZnO electrode, further improving the efficiency of the Ni-ZnO 

solar cell. 

8.2 Experimental Section 

Nickel nitrate hexahydrate, and ethylene glycol for the fabrication of Ni-ZnO hybrid 

structures were supplied by Sigma-Aldrich. Zinc nitrate hexahydrate starting material was 

provided by Merck. In our experiment, Ni-ZnO composites were fabricated via the 
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following procedure. Initially, the polyol process reactants- nickel nitrate hexahydrate and 

zinc nitrate hexahydrate were weighed and transferred into a small beaker. Ethylene glycol 

was added to the mixture of foregoing starting materials during the next step. Nickel nitrate 

and zinc nitrate hexahydrate materials must be transferred as fast as possible into the small 

beaker, because of their hygroscopic nature. The reactant solution mixture turned into a 

green color upon addition of ethylene glycol solvent. The latter solution mixture was then 

transferred into a cylindrical glass dish which was preheated to a temperature of 2500 C, 

higher than the boiling point of the polyol process reactants. The evolution of the brown 

NO2 gas from the sample ensures the fabrication of porous Ni-ZnO composite structures. 

By varying the ratio of starting reactants, we could obtain Ni-ZnO crystallites with different 

concentrations of Ni in ZnO. 

The synthesized Ni-ZnO powder was then made into a slurry/paste for DSSC cell 

fabrication by mixing with ethyl cellulose aqueous and poly (ethylene glycol) in an agate 

mortar. The Ni-ZnO paste was further applied as a thin film onto a FTO glass substrate. 

The prepared films were then air-dried for 30 minutes, followed by annealing at 4000 C for 

1 hour. The sintered electrodes were then immersed in dye solution for 4 hours so that the 

active surfaces met the N-719 ethanolic dye. The latter processed electrode was then rinsed 

with ethanol, followed by drying at room temperature. The immersed electrode was then 

rinsed with ethanol, and then dried at room temperature. Thermal reduction of 

hexachloroplatinic acid in isopropyl alcohol solution at 4000 C resulted in the generation 

of counter platinum (Pt) electrode. Separation was attained between the photoelectrode and 

counter Pt electrode via a spacer. Sealing of the aforementioned setup was performed by 

exposing the fabricated structure in a hot air oven at a temperature of 700 C for around 10 

seconds. Through the drilled hole in the counter Pt electrode, electrolyte solution composed 
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of lithium iodine and iodine in acetonitrile was introduced. Through the drilled hole in the 

counter Pt electrode, electrolyte solution composed of lithium iodine and iodine in 

acetonitrile was introduced. The Current (I) - Voltage (V) measurements were carried out 

at the end of the previous steps. 

 
 

 
 

Figure 8.1 Schematic of Polyol Fabrication Route of Ni-ZnO Structure with (a) Mixing of 
Precursors Including Zinc Nitrate Hexahydrate, Nickel Nitrate Hexahydrate and Ethylene 
Glycol. (b) Sonication of the Reagent Mixture for 15 minutes. (c) Burning of the reagent 
Mixture at 2500 C on a Hot Plate kept in Fume Hood and (d) Formation of Highly Porous 
Ni-ZnO Composite with Inset Depicting SEM of same. 
 
 

Figure 8.1 represents the schematic route for the synthesis of Ni-ZnO composites. 

The modified polyol route is highly dependent on the concentration of precursors, moisture 

content present in the sample and other parameters such as temperature employed for 

processing and synthesis. The 3.5 pH of the reactant solution mixture played a crucial role 

in the morphology of synthesized Ni-ZnO. A higher temperature which must be more than 

the boiling point of the reactants will ensure complete burning of the precursors and 

generates crystalline Ni- ZnO structures.  
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The crystalline nature and the phase purity of fabricated Ni-ZnO structures were 

examined by Bruker X-ray powder diffractometer with Cu- Kα radiation (λ=0.154 nm) in 

the 2θ range 10-100 degree. The microstructure of the samples was acquired through field-

emission scanning electron microscope (FESEM) in a JEOL HITACHI Model S-3000H 

instrument. Infrared spectra from 400 cm-1 to 4000 cm-1 of the powdered samples were 

obtained by KBr pellet method in a fourier transform Infra-Red spectrometer (Bruker Optic 

Gmbh, Tensor 27 Model). The optical absorption spectra of the fabricated Ni-ZnO samples 

were inspected using Fischer Scientific ultraviolet-visible (UV-Vis) spectrophotometer. 

The structural measurements of the samples were carried out at room temperature 

conditions. Electron paramagnetic resonance (EPR) measurements were performed at 

room temperature on Bruker EMX Plus model with a microwave frequency of 9.86 GHz 

and sweep width of 6000 G. Photo luminescence (PL) properties were acquired using a 

UV-Vis NIR Double beam spectrophotometer (Model: Cary 5000 scan, PbS detector) 

under an excitation wavelength of 275 nm. The open circuit potential (OCP) variation of 

the synthesized Ni-ZnO samples upon impinging of UV light (wavelength 365 nm) was 

recorded by employing a 3-electrode system (employing saturated Ag/AgCl and platinum 

as reference and counter electrodes, respectively). 



157 
 

8.3 Results and Discussion 

 

Figure 8.2 (a) XRD pattern (b) FTIR spectrum plotted for Ni-ZnO structure. 
 
 

Figure 8.2 shows the X ray diffraction pattern and FTIR spectra of Ni-ZnO particles 

synthesized. Figure 8.2(a) which is the XRD image, clearly affirmed the formation of Ni-

ZnO. The XRD patterns of Ni-ZnO samples fabricated at 2500 C shows the reflection 

planes indexed to hexagonal wurtzite structure of ZnO material. However, the presence of 

additional diffraction peaks corresponding to the NiO pattern suggests that the phase 

segregation might have happened in the samples. Moreover, the increase in nickel 

concentration shifts the NiO peak to a lower angle with an increase in sharpness of the peak 
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which was previously reported by other studies [317]. The blue shift of NiO peak is 

attributed to the oxidization of nickel, resulting in the distortion of NiO to a larger spacing 

with the incorporation of Ni into ZnO matrix structure. The XRD pattern recorded for Ni-

ZnO composite affirms the incorporation of both Ni and Zn from precursors. The identified 

sharp spectral diffraction peaks at 2θ = 37.250, 43.270, 62.870, 75.410, 79.410, 95.060 can 

be assigned to (111), (200), (220), (311), (222), and (400) NiO cubic phase planes (JCPDS 

No: 471049). The relatively higher and sharper diffraction peaks can be attributed to the 

good crystallinity of Ni, NiO and ZnO within the porous Ni-ZnO structures. The strong 

diffraction peaks positioned at around 2θ=44.870, 52.20, 76.60, 93.160 belong to (111), 

(200), (220) and (311) planes of face centered cubic (fcc) Ni perfectly (JCPDS No: 040850) 

implying that a nickel-nickel oxide (Ni-NiO) structure was formed instead of a nickel core. 

The diffraction peak at 2θ = 31.770, 34.420, 36.250, 47.530, 56.600, 62.860, 66.380, 

67.960 corresponds to (100), (002), (101), (102), (110), (103), (200), (112) planes of the 

hexagonal wurtzite ZnO structure (JCPDS No: 36-1451). The crystalline Ni-ZnO surfaces 

developed, may contain lot of active sites. The phase segregation of NiO within the Ni-

ZnO matrix and larger amount of nickel present in the sample results in strain relaxation 

[380]. 

Figure 8.2(b) illustrates the FTIR analysis performed for Ni-ZnO samples. 

Vibration modes above 600 cm-1 are weak when compared to the hexagonal wurtzite ZnO 

phase vibration positioned at around 550 cm-1, clearly reassuring our claim that the samples 

are good crystalline structures devoid of impurities. The Fourier transform infrared 

spectroscopic technique is based upon the concept that the material shows a selective 

absorption in the infrared region. The FTIR spectrum also was comprised of a prominent 

O-H functional group peak at 3450 cm-1, which might have arised by the adsorption of 
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water molecules present in air [321]. The absorption peak at around 1090 cm-1 can also be 

associated with the lattice vibrations of bulk sized and nanosized NiO. The characteristic 

band at around 457 cm-1 for Ni-ZnO as reported by Devadathan et al. is observed here as 

well [381], which reaffirms our claim about developing Ni-ZnO. The peaks at around 540 

cm-1 correspond to ZnO vibrations [382]. The characteristic band at lower wavelength also 

corresponds to the metal-oxygen (Zn-O) E2 (LO) mode lattice vibration of the wurtzite 

structure [383]. 

 

 
 

Figure 8.3 FESEM images of Ni-ZnO structures at different magnifications with scale of 
(a) 3 micron (b) 2 micron and (c) 100 nanometer. 

 
 

Shown in Figure 8.3, FESEM image revealed the continuous interconnected 3D 

network within Ni-ZnO composite. Nickel metal provides a scaffold/template on which the 

ZnO structure is formed. The 3D frame network provided by nickel foam thus reinforces 

the Ni-ZnO structure. The agglomeration of the nanoparticles and growth nuclei, which 

resulted in the generation of foam like Ni-ZnO hybrid composites, are depicted in Figure 

8.3. The 3D framework of nickel metal comprised mainly of macro and nanopores. The 

surface roughness of the Ni-ZnO composite due to the porosity and difference in thermal 

coefficient between nickel and zinc, resulted in an effective template for the growth of ZnO 

structures. The improved Ni frame support for ZnO and short diffusion paths between ZnO 
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and Ni could lead to an enhanced activity. Ni-ZnO was thus synthesized through polyol 

route via template free method, when compared to existing pulsed laser deposition 

techniques [380]. The large driving force of Ni-O bond compared to Zn-O bond results in 

the phase segregation of NiO within the Ni-ZnO system which makes the latter an ideal 

component for future diluted magnetic semiconductor (DMS) applications.  

The FESEM image of Ni-ZnO composite suggests that the frame network of Ni-

ZnO foam has a large distribution of pores at the surface and is extending towards the 

interior. A detailed inspection of the FESEM image presented in Figures 8.3(a) – 8.3(c) of 

the synthesized Ni-ZnO mesocrystals shows that the crystals were of few micrometers in 

size. The nanometer sized pores present in the sample might provide more adsorption sites 

for gas molecules. The particles are interlinking 3D templates/scaffolds of nickel with ZnO 

coating developed on and within the surfaces of Ni. Nickel atom preferably tends to occupy 

the grain boundary regions. The difference in atomic radius between Zn2+ (0.074nm) and 

Ni2+ (0.069nm) inhibit grain growth to an extent.  

However, the presence of a weak reducing agent like ethylene glycol (when 

compared to sodium borohydride and hydrazine hydrate), the generation and growth of 

nuclei are somewhat less controlled, resulting in the generation of Ni-ZnO agglomerated 

foam. High surface tension and high surface energy of zinc growth nuclei and nanoparticles 

generated over the course of synthesis also might be a major reason for the agglomerated 

3D Ni-ZnO structure. The surface energy of nanoparticles is reported to be significantly 

higher as compared to that of the bulk and is found to be vital in coalescence, growth of 

nanoparticles resulting in three dimensional structures. 
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Figure 8.4 (a) EDX profile conducted across the bulk of Ni-ZnO Region (b) XRF spectra 
of Ni-ZnO structures along with elemental mapping profile of the composite structures. 
 
 

The EDX profile conducted across the Ni-ZnO samples as observed in Figure 8.4(a) 

reaffirms the presence of Ni-ZnO hybrid composite. The oxygen presence revealed from 

the EDX spectra conducted across the profile of Ni-ZnO sample, might be arising due to 

the formation of ZnO and NiO phases present within the sample. The atomic percentages 

of oxygen, nickel and zinc were around 62.98%, 17.68% and 19.34%, respectively while 

the weight percentages were 30.45%, 31.36% and 38.19%, respectively. There also arises 

a slight chance where water molecules can adsorb to the Ni-ZnO material. XRF studies 

were performed on the samples and the elemental mapping profile images are illustrated in 

Figure 8.4(b). 

Illustrated in Figure 8.5, the EPR spectra of Ni-ZnO composite, the structural 

defects and purity of fabricated Ni-ZnO samples can be analyzed. Ferromagnetism nature 

is accounted to the oxygen and zinc vacancies of the transition metal oxide composite [384, 
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385]. Ni-ZnO samples yielded a symmetrical resonance signal for EPR when compared to 

the resolved hyperfine structure observed in ZnO. This might be due to the strong- spin 

interactions between Ni2+ ions present in the sample [386].  

 

 
 

Figure 8.5 EPR Spectra for fabricated Ni-ZnO samples with (a) magnetic field and (b) g 
factor. 

 
 

The lower solubility of NiO in ZnO might have resulted in the incorporation of Ni 

ions into the lattice along with phase segregation at the surface. We were able to observe a 

shift in the value of g factor, datum being the free electron position. The resonant field 

value decreases with increase in nickel concentration in the sample with reference to ZnO 

spectra reported. The hexagonal wurtzite structure ZnO composite samples fabricated 
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through polyol process is found to have resonant field located at around 3480 G, slightly 

different from the commercial ZnO samples with a resonant field value of around 3600 G. 

The latter phenomenon can be attributed to the following reason. The increase in nickel 

concentration reduces the distance between Ni2+-Ni2+ ions thus bringing the nickel atoms 

within the Ni-ZnO structure close together. Thus, the increase in nickel concentration 

brings about super–exchange interactions between the closely arranged Ni2+ atoms, 

resulting in an increase in the internal field which then decreases the resonant field.  

The broad peak observed for the Ni-ZnO composite structure suggests that the latter 

may also comprise of a constituent, which is not ferromagnetic like NiO. The presence of 

Ni is reported to result in enhanced magnetic d-d exchange interaction between the 

magnetic moment of Ni2+ leading to composite’s ferromagnetism [387]. From EPR spectra, 

it’s inferred that the free radical generation is happening within the structure. The Zn2+ ions 

having ionic radius 0.074 nm prefer tetrahedral coordination. The coordination 

environment of Zn2+ ions in ZnO is ideal for 0.069 nm sized Ni2+ ions. This can also result 

in the formation of Ni-ZnO solid solutions within the structure [388]. 

The dielectric properties of the fabricated Ni-ZnO samples are clearly portrayed in 

Figure 8.6. The capacitance of the fabricated Ni-ZnO sample was clearly shown to be 

greater than its counterpart ZnO present in the composite. Since the size difference between 

Ni and Zn ions are small, there is a chance that nickel ions will replace zinc ions resulting 

in the formation of Ni- doped ZnO structure. The increase in lattice distortion and ionized 

impurity scattering centers that arise because of the interstitial small Ni2+ ions can have an 

adverse effect on the carrier mobility. Replacement of bigger Zn2+ ions by comparatively 

smaller Ni2+ ions and the generation of oxygen vacancies in ZnO matrix can be accounted 

for the decrease in carrier mobility while increase in carrier concentration can be attributed 
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to the generation of defects. The superior electrical properties thus imparted to the Ni-ZnO 

hybrid structure arises because of the formation of metallic nickel as well as due to the 

generation of oxygen defects [389]. The latter analyses provide us with the chance of 

proper tuning of polyol-based Ni-ZnO composite to develop it as a good capacitor material. 

 
 

Figure 8.6 Dielectric behavior of Ni-ZnO and ZnO samples fabricated through the polyol 
method. 

 
 

Figure 8.7(a) which is the PL study, illustrated the effect of optically active defects 

and relaxation pathways of excited states present in Ni-ZnO. Emission peaks were 

observed at around 380 nm. The UV emission peak positioned at around 3.3 eV 

corresponded to the free exciton emission, reaffirming the high crystal quality of fabricated 

Ni-ZnO. The PL spectra can be attributed to the formation of various hetero junctions that 

exists between semiconductor ZnO and Ni/NiO structure. Under different pH conditions, 

Ni-ZnO structures having multiple morphology (shape and size) can be formed, which 

indeed will affect the UV-Vis spectra. 
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Figure 8.7 (a) Room temperature PL spectra of Ni-ZnO (b) optical absorption spectra of 
ZnO and Ni-ZnO. 
 
 

Figure 8.7(b) represents the UV-Vis absorption spectra conducted across the profile 

of Ni-ZnO samples dispersed in ethanol. The excitonic absorption peaks of the prepared 

Ni-ZnO composite and ZnO samples was located at around 380 nm and 383 nm, 

respectively. Enhanced optical absorption/ reduced reflectance of Ni-ZnO composite and 

a slight blue shift in peak absorption wavelength with reference to ZnO were observed in 

other works[390]. The enhanced absorption in Ni-ZnO composite has been linked to the 

reduction in grain boundaries of composite structure [391] as well as to the scattering at 

the grain boundaries [361].  
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The optical absorption spectra of the transition metal-metal oxide composite has 

been also explained by researchers by the substitution of Zn2+ ions by Ni2+ ions occurring 

within a region of the meso-cellular composite [392]. All samples, which were subjected 

to optical studies, had their band edges in UV region. In doped zinc oxides, absorption 

band edges become less sharp with increasing nickel concentration, which can be attributed 

to the presence of crystallographic defects existing within nickel doped ZnO. The existence 

of crystallographic defects in the forbidden bands of Ni-ZnO composite structure might 

result in a less pronounced absorption band-edge. 

 

 
 

Figure 8.8 OCP variation of Ni-ZnO under UV irradiation. 

 
 

Figure 8.8 represents the Open Cell Potential (OCP) variation conducted across 

samples under 365 nm UV light. The irradiation of UV light with an energy of 3.4 eV 

(more than the Eg of ZnO) on Ni-ZnO samples resulted in the formation of a large number 

of electron hole pairs, which accounted for the fluctuation in OCP. The high sensitivity of 

ZnO samples under UV light was imparted to Ni-ZnO sample. The drop in OCP upon the 

applied rectangular UV pulse can be attributed to the effective propagation of electrons 

within the structure contrary to the accumulation of electrons found in OCP drop structures. 
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Relaxing of OCP to normal value upon the removal of UV light implied the generation of 

electron hole pairs in ZnO composite. 

The enhancement in photocurrent generation efficiency of Ni-ZnO electrode when 

compared to normal ZnO electrode prepared by the same method is clearly shown in Figure 

8.9. By incorporating Ni into ZnO structures, we were able to observe significant increase 

in photocurrent due to the imparting high surface area and large current density as well as 

high photon to current conversion efficiency of Ni-ZnO DSSCs compared to ZnO 

counterparts. The enhanced surface area per unit volume of ZnO composites will contribute 

to maximum uptake of dye molecules and will have a larger electron diffusion coefficient, 

and a shorter electron transit time [302, 393]. 

 
 

 
 

Figure 8.9 Current -voltage characteristics of DSSC electrode fabricated using Ni-ZnO 
material. 
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Table 8.1 Characteristics of Ni-ZnO Fabricated DSSC by Polyol Method 

 
Material JSC 

(mA/cm2) 
VOC 
(V) 

Power Conversion 
Efficiency (η) (%) 

ZnO 0.31 0.44 0.067 

Ni-ZnO 1.42 0.44 0.416 

 
 

The solar cell efficiency along with other parameters are shown in Table 8.1. The 

Ni-ZnO composites exhibited an enhanced Jsc value of 1.42 mA/cm2, around ~4 times 

higher than that of Jsc values of 0.31 mA/cm2 for bare ZnO sample fabricated by the same 

polyol route. The fill factor of Ni-ZnO composites also increased significantly from 0.165 

in contrast to 0.121 for a counter bare ZnO sample. This in turn led to an enhanced 

efficiency that was 6 times higher for the Ni-ZnO DSSC compared to ZnO sample. The 

conversion efficiencies of Ni-ZnO and bare ZnO DSSCs were measured at 0.416% and 

0.067%, respectively. Here we have synthesized Ni-ZnO crystallites with comparative 

photovoltaic conversion efficiency. AC conductivity which may be very useful for solar 

cell applications is known to increase six to eight orders of magnitude by the introduction 

of Ni2+ vacancies in nanostructured NiO [394]. 

8.4 Summary and Conclusion 

In summary, we developed a facile, unique technique at moderate temperature to fabricate 

high crystalline mesocrystals of Ni-ZnO, by mixing undoped metal precursors- nickel 

nitrate hexahydrate and zinc nitrate hexahydrate along with ethylene glycol as the reducing 

agent. By controlling the composition, pH and processing temperature during the polyol 
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process route, we achieved highly porous Ni-ZnO hybrid composites. The fabrication route 

employed for the synthesis of Ni-ZnO composites is highly reproducible, facile and can be 

employed for large-scale industrial production with minimum production and operating 

costs. The Ni-ZnO composites displayed photovoltaic conversion efficiencies of 0.416% 

which was 6 times better than bare ZnO solar cell due to the increased optical absorption 

and enhanced photocurrent. 
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CHAPTER 9  
 

SUMMARY AND FUTURE RESEARCH 
 

9.1 Summary  

This dissertation investigates the III-nitrides material system and the zinc oxide composite 

material systems which are the two main wide bandgap semiconductor classes existing 

within the market. III-nitride semiconductor material system can be utilized for developing 

LEDs and LD light sources within the broad wavelength range of near infrared to deep 

ultraviolet, by tuning the bandgap viz. In/Ga flux ratio. This can also be accomplished by 

careful design and controlling the growth parameters viz. temperature and flux ratio, thus 

consequently impacting the effective bandgap and thereby the wavelength of light source 

fabricated. In our studies, we have characterized several nanowire LED structures, grown 

by molecular beam epitaxy (MBE) using techniques like electroluminescence (EL), 

photoluminescence (PL), current-voltage (I-V) etc. Finite Difference Time Domain 

(FDTD) Lumericals software was used throughout the study for the design and simulation 

studies of the nanowire LEDs. In summary, we have investigated the molecular beam 

epitaxial growth and characterization of III-Nitride based nanowire heterostructures, 

including InGaN and AlGaN nanowires on Si (111) substrates.  

We have further studied and demonstrated high performance zinc-oxide graphene 

and zinc oxide-nickel composite material systems by polyol method for dye sensitized solar 

cell (DSSC) applications. Main findings of this dissertation are briefly described below. 

We have also investigated several methods such as nanowire-based LEDs and approaches 

like flip chip nanowire-based LEDs to enhance the EQE of GaN based LEDs. We also 
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reported high performance flip chip nanowire LEDs on flexible metallic substrates like 

copper. Such claims have been supported by simulation and experimental results. We have 

further reported on the demonstration of full color tuning by controlling the In and Ga flux 

ratio in the quantum wells. Further, we reported phosphor-free white nanowire LEDs with 

improved LEE. Moreover, we have shown that the LEE of GaN LEDs can be significantly 

enhanced by integrating with nanowire arrays. The light extraction involves two successive 

steps, including the coupling from the light source to the tube and the subsequent emission 

from the tube to the air. We have enhanced the light extraction efficiency of deep UV LEDs 

using periodic array of nanowires. The emission of the guided modes could be inhibited 

and redirected into radiated modes utilizing nanowire structures. By polyol method we 

developed ZnO- Ni and ZnO-G composites within our research.  

In overall, chapter 1 of dissertation covers the mechanisms involved in the 

nanowires, advantages of GaN based structures and presents a compilation on the current 

status of the III-nitride based device structures while Chapter 2 presents an overview of the 

MBE growth, device fabrication and characterization methods utilized for the GaN based 

LEDs. Chapter 3 encompasses the color tuning and thereby the controlling of color 

emission in nanowire LEDs. We also have investigated the topic of nearly defect-free III-

nitride nanowire LEDs on account of the InGaN/GaN quantum well LEDs which are often 

plagued by presence of large densities of dislocations. This was made feasible by 

controlling the growth parameters such as In/Ga flux ratio in active region or by altering 

nanowire packing density, temperature, growth duration, deposition rate etc. This in turn 

results in a range of optoelectronic devices emitting light in a broad range spanning from 

deep UV to near IR. We have demonstrated highly stable, phosphor-free white light 

emission. Chapter 4 listed the budding future of GaN based nanowire LEDs for VLC on 
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account of their reduced QCSE resulting from strain relaxation. Nanowire LEDs on flexible 

metal substrates such as copper with high performance attributes were demonstrated in 

Chapter 5. Chapter 6 introduces the MBE growth and simulation studies based on 

ultraviolet based AlGaN nanowire LEDs. Specifically, UV-B LEDs having immense 

potential in the biomedical industry have been demonstrated. Chapter 6 also illustrates the 

effect of optical absorption and the need for new alternate designs w.r.t AlGaN based UV 

LED. Chapters 7 and 8 introduces polyol based ZnO-G and Ni-ZnO composites, 

respectively and their potential for dye sensitized solar cell on account of the enhanced 

absorption w.r.t bare ZnO. The highly porous ZnO based composites displayed a higher 

efficiency than the bare ZnO counterpart. 

9.2 Future Research 

The following section lists some of the potential future research directions following the 

research outcomes presented in this dissertation: 

9.2.1 Micro Light-Emitting Diodes for Camera Flash and Micro-Display 
Applications:  

 
Our technology with phosphor-free InGaN/AlGaN Nanowire Light-Emitting Diodes 

(LEDs) grown by Molecular Beam Epitaxy (MBE) creates LEDs with good characteristics 

including nearly zero efficiency droop at the current ~1000 A/cm2; color rendering index 

> 95; and internal quantum efficiency (~ 60%), leading to high efficiency and bright, so 

they become a promising candidate for cutting edge technology for micro-display in and 

camera flash. with high energy efficiency and color quality, suitable for micro-display and 

camera flash. Since the micro-LED technology market has been driving a new wave of 

display standard on over the world in many sectors; LED markers, chip makers, 
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manufacturing equipment suppliers, and wafer suppliers the potential is immense. Overall, 

higher resolution for screens, energy saving, and flexibility to morph into any shape 

attributes are huge benefits for the latter approach. 

9.2.2 III-nitride nanowire LEDs and LDs for VLC:  

We are planning to explore further on the topic of VLC and InGaN/ AlGaN nanowire based 

visible LEDs and LDs on account of their reduced QCSE arising from the strain relaxation 

happening within the III-nitride structure. VLC using III-nitride nanowire system provides 

a higher 3 dB bandwidth than the thin film counterpart. 

9.2.3 Zinc Oxide nanowires using hydrothermal growth:  

The solution phase growth method which is a simple, low temperature approach is 

employed to grow a vertically aligned ZnO nanowire array. This method uses the 

hydrolysis of zinc salt in water. 

1. The batch solution is usually prepared in quantities of 500 mL, consisting of 3.719 g 

0.025M Zinc Nitrate Hexahydrate [Zn(NO3)2 • 6H2O], 1.753 g 

Hexamethylenetetramine (HMTA) [C6H12N4], and 2 g 0.001M Polyethylenimine (PEI) 

and enough filtered deionized water so that it reaches the 500 mL mark. 

2. The aforeknown solution mixture will be heated to 100oC by keeping it on a hot plate. 

The proper mixing of the chemical reagents was ensured by using a magnetic stir bar. 

This is followed by the change in the solution color from milky white to pale yellow. 

A filter paper was used to ensure that all initial particulates formed thus were removed. 

The left over solution after cleaning can be stored for around 2 weeks for ZnO nanowire 

synthesis. This can be separated into different 100 mL beakers for each nanowire 

growth episode. 
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3. The cleaned substrates that went through acetone, isopropanol, methanol and HF 

treatments were then taped by double sided carbon tape onto holders in such a manner 

that they are suspended at an angle around 45o in the solution.  This ensures that any 

particulates that were formed in the solution during growth process would not fall onto 

the substrate and interfere with nanowire growth but also any bubbles in the solution 

would not rise and get stuck on the surface of the substrates. 

4. The growth solution for ZnO nanowire was heated to 95oC and once the solution 

temperature reaches around 85oC, the substrate holder will be placed into the solution 

beaker.  2 hours growth time for the precursors in the solution ensures all reactants were 

completely used up and as a result we can obtain ~2um tall ZnO nanowires on the 

substrate. Precaution must be taken during each growth episode, as in confirm the 

formed bubbles aren’t sticking anywhere on the substrate surface. If the bubbles stuck 

up on surface of substrate, voids can form on the substrate. Also, to get longer 

nanowires of ZnO that will improve LED operation and characteristics, repeat the 

growth procedure steps two more times. This can result in nanowire lengths of around 

5-6 µm. 

Such ZnO nanowires which emits along the wavelength regime of 360 nm has potential to 

be either integrated by itself or with III-nitride material system for high performance UV 

light sources. 
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