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PREFACE

The Il11-nitrides semiconductors, specifically the GaN-based materials, including the binary GaN
and related alloys with InN and AIN, such as the ternary AlGaN and InGaN as well as the
quaternary InAlGaN, have been intensively investigated in recent years because of the potential
applications for optoelectronic devices operating in short wavelength spectral range and in high
power and high temperature electronic devices. The GaN-based materials offer a wide range of
direct band gap, spanning from 0.7 eV for InN, to 6.2 eV for AIN with 3.4 eV for GaN. This
energy range is suitable for band-to-band light generation with colors ranging from infrared to
ultraviolet wavelengths.

GaN-based materials are also ideal for the fabrication of high responsive and visible blind UV
detectors because of the unique properties, that encompass wide and direct band gap, high
absorption coefficients, and sharp cutoff of the wavelength detection. The high breakdown
voltage and high saturation velocity also enable the use of GaN-based materials for high speed
device operation and high power applications, such as power amplifiers for wireless base stations,
low noise amplifiers, and high power switches. Sensing devices are another important
application of the GaN-based materials, especially in harsh environments owing to the high
thermal and chemical stability of these materials.

The ability of the band gap to be tuned from the infrared to ultraviolet emission wavelength
region has also created a greater breakthrough in the GaN-based technology by employing the
nitrides materials for light emitting diodes applications, either in the form of pn-homojunction or
heterojunction. Phosphor converted light emitting diodes will be another significant subject in

the advancement of GaN-based technology for white light emission, in which the blue or



ultraviolet emission from the light emitting diodes can be converted to white emission via a
phosphor material.

This monograph presents an overview of innovative developments in GaN-based technology. It
covers the pioneer work on amorphous and microcrystalline GaN films grown on various
substrates using the electron cyclotron resonance plasma-assisted metal-organic chemical vapor
deposition (ECR-MOCVD) technique, as well as epitaxial growth of IlI-nitrides films using
MOCVD and plasma assisted molecular beam epitaxy (PAMBE). PAMBE growth has enabled
high quality thin films to be analyzed and characterized for the study on fundamental properties
of these materials. Recent research activities which focused on the growth of nanostructures,
such as GaN nanowires and InGaN quantum dots are also covered.

Due to the increasing demand for using nanostructured IlI-nitrides films that offer high surface
area to volume ratio as well as the emergence of issues pertaining to additional stress build-up
and defect density at the interface of the Il1-nitrides films grown on foreign substrates owing to a
lattice mismatch issue, different novel etching techniques (metal-assisted UV electroless etching,
photoelectrochemical etching, and laser-induced etching) have been employed to produce porous
structures in the binary, ternary, and quaternary Ill-nitrides films. Properties and device
applications of all of these materials are presented. A brief discussion is given on the various
optoelectronic and electronic devices that have been fabricated and characterized, which include
photodetectors, solar cell, sensors, capacitor, and light emitting diodes. Light emitting
heterojunction structures incorporating other wide band gap semiconductors such as ZnO grown
on GaN using novel techniques are also covered. Both experimental and theoretical works have
been implemented to deliver a better understanding towards the changes in performance of the

devices with respect to processing parameters.
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Innovative Developments in GaN-based Technology

1. Introduction

Since years, the Il1-nitrides semiconductors, spanning from the binary GaN to the ternary
(AlGaN, InGaN) and quaternary (InAlGaN) alloys, have left remarkable footprints in the
applications of light emitting diodes (LEDs) and power electronics, owing to the direct wide
band gap, hardness as well as high thermal and chemical stability provided by the GaN-based
materials. These characteristics have inevitably shed some lights over the other semiconductors
materials, such as silicon (Si) and silicon carbide (SiC), and thus pushing the GaN-based
materials to the forefront of technology for optoelectronic and electronic applications. The
ability of tuning the wide band gap of GaN-based materials from 0.7 eV (InN) to 3.4 eV (GaN),
and to 6.2 eV (AIN) to obtain the desired infrared to ultraviolet (UV) wavelength region [1] has
become a stepping stone to achieving a greater breakthrough in the semiconductor technology by
forming heterostructures for use in the fabrication of GaN-based devices for LEDs. Literatures
have also divulged that the wide band gap of GaN-based materials has been the reason
contributing to the acquisition of high breakdown field, high theoretical electron drift velocity,
high saturation current density, and low intrinsic carrier concentration in the GaN-based devices
[2].

Nonetheless, further development of the GaN-based devices has become stagnant due to
a lack of high quality substrate for GaN epitaxial growth and a difficulty in obtaining high n-type
and p-type doping in the GaN films. Keeping pace with an inspired study in the growth of good
quality of epitaxial films by Yoshida in 1983 [3] and the first p-type GaN by Amano [4] in 1988,
crystal-growth techniques have been widely practiced, aiming to grow high quality GaN-based

materials. The first GaN-based field effect transistor (FET) was successfully reported by Khan
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[5] in 1993 while the first GaN-based laser diode was reported by Nakamura [6]. In recent years,
other growth techniques, including hydride vapor phase epitaxy (HVPE), metal organic vapor
phase epitaxy (MOVPE), and molecular beam epitaxy (MBE) have been progressively employed
to improve quality of the epitaxial films.

Following the development of IlI-nitrides semiconductors, particular interest has been
devoted to growing amorphous GaN (a-GaN) in addition to the GaN epitaxy. It was reported
that the growth of a-GaN surpasses that of the crystalline GaN in terms of offering a lower
processing cost, a lower growth temperature, and a better suitability for deposition on various
substrates. Furthermore, it has been suggested that the strong iconicity of the Ga-N bond and the
lattice mismatch between the GaN layer and underlying substrate could be relieved by replacing
the GaN epitaxy with a-GaN [7]. The first reactive sputtered a-GaN film was reported by Hariu
[8] in 1978, followed by other experimental studies regarding reactive sputtered a-GaN, MBE
grown a-GaN, ion assisted deposited a-GaN, and hydrogenated a-GaN. The experimental studies
of a-GaN were also succeeded by theoretical studies, which have been performed by Stumm and

Drabold [9] in 1997 and by Yu and Drabold [10] in 1998.

2. Amorphous and Microcrystalline 111-Nitrides

Amorphous GaN (a-GaN) has attracted considerable interest to be used as an electronic
material for its predictable band gap energy of 2.8 eV with no mid-gap states [9]. Kobayashi and
his co-workers [11] as well as Stumm et al. [9] have also disclosed in previous studies that a-
GaN and microcrystalline GaN both have promise as novel electronic materials, owing to the
special attribute of these materials to be deposited inexpensively over large area at low

temperatures [9, 11]. The advantages offered by a-GaN and microcrystalline GaN are



foreseeable to contribute a new impetus to the field of optoelectronic and electronic devices as
well as widening the range of possible substrates that could be used, which would indirectly lead
to a cost reduction in the film processing technology [9, 11]. Thus, whereas epitaxial GaN films
have been the choice for short wavelength emitters and detectors, the development of low-
temperature grown a-GaN and microcrystalline GaN could open up opportunities for large-area
devices, such as LED arrays, UV detector arrays, and high temperature transistors at a relatively
low cost [12].

Electron cyclotron resonance (ECR) plasma-assisted metal-organic chemical vapor
deposition (MOCVD) has been used to deposit GaN thin films over a range of temperatures from
50°C to 650°C (Fig. 2.1) on silicon, sapphire, and quartz substrates using triethylgallium and

molecular nitrogen or ammonia as the reagents [12].
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Fig. 2.1 ECR plasma-assisted MOCVD system (Spire Corporation, USA) [12].

Findings from the X-ray diffraction have revealed that a growth temperature at 200°C

has led to the formation of a-Ga while higher temperatures (600°C) has brought to a transition



from amorphous to crystalline phase in the GaN film [12]. The formation of a-GaN/Si(111)
isotype heterojunction in this work was thereafter characterized in term of current-voltage (I-V)
characteristic ((Fig. 2.2 (i)) at room temperature. It was observed that rectification behavior has
been demonstrated for the isotype heterojunction. Therefore, further investigation was carried
out by analyzing Schottky behaviors of the heterojunction via forward bias 1-V measurement
using nickel (Ni) ((Fig. 2.2 (ii)(a)) and chromium (Cr) ((Fig. 2.2 (ii)(b)) as the Schottky contacts
((Fig. 2.2 (ii)).

respectively for the Ni/a-GaN and Cr/a-GaN Schottky barriers. These results have inevitably

The calculated Schottky barrier height values were 0.62 and 0.64 eV,

contributed certain innovation for further exploration and development of low temperature

grown GaN films for use in electronic and optoelectronic applications [12].
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Fig. 2.2 (i) I-V characteristics for a-GaN/Si(111) isotype heterojunction grown at 200°C and (ii)
Forward bias 1-V characteristics of (a) Ni/a-GaN and (b) Cr/a-GaN Schottky barriers [12].

Besides a-GaN/Si(111) isotype heterojunction, the a-GaN film was also grown on p-type

Si(111) substrate via ECR plasma-assisted MOCVD technique to form anisotype (n-p)

heterojunction. 1-V characterization for the a-GaN/p-Si(111) anisotype heterojunction [13]



grown at 400°C was performed in order to study its rectification behavior under solar
illumination ((Fig. 2.3 (a)) as well as Schottky behavior for Ni/a-GaN/p-Si ((Fig. 2.3 (b)) [13]. It
was deduced from Fig. 2.3 that both rectification characteristic and photovoltaic effect were
observed for the a-GaN/p-Si anisotype heterojunction structure. The Schottky barrier height of
Ni on a-GaN derived by the 1-V method was 0.79 eV. This encouraging result was significant to
be used as a reference for future exploration and development of a-GaN as a wide band gap

transparent amorphous material for optoelectronic and electronic applications [13].
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Fig. 2.3 (a) I-V characteristics for a-GaN/p-Si(111) anisotype (n-p) heterojunction grown at
400°C and related (b) forward bias I-V characteristics of Ni/a-GaN Schottky barrier [13].
Polarized infrared (IR) characteristics of GaN films grown on Si substrates using ECR
plasma-assisted MOCVD and low pressure (LP) MOCVD at various temperatures (50, 170, 200,
and 600°C) and 1000°C, respectively were also studied at room temperature [14-15]. Similar
patterns were observed for the IR spectra of the GaN films grown at 200°C and below ((Figs. 2.4
(@) and 2.5 (b)) with no detection of IR reststrahlen band, suggesting the presence of disordered

phases or short-range order in the films [16]. This finding confirmed that amorphous GaN films



have been formed, in agreement with the results from Refs. [13] and [17]. It could be observed
that both s- (peak A) and p-polarization (peak B) spectra were obtained for GaN film grown at
1000°C, corresponding to transverse-optical (TO) phonon modes of GaN and AIN, respectively.
Additional peak C was detected, ascribing to longitudinal-optical (LO) phonon mode of GaN
[15]. For the GaN films grown at 600°C, a broad reststrahlen band was detected in both s- and
p-polarization spectra) with a pronounced dip C (in p-polarization spectra). Besides that, the
disappearance of the peak B in the spectra indicated that the sample was grown without any
buffer layer. This work concluded that IR spectroscopic studies could be an effective non-
destructive tool to determine the film structure and related optical properties [15], whereby the
structure type of the GaN films was sensitive to the growth temperature and could be correlated
to the variation of the IR reststrahlen band. It was also deduced that a good crystalline structure

of GaN films would have a tendency to grow at temperature higher than 600°C [15].
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Fig. 2.4 (a) s-polarization and (b) p-polarization IR reflectance spectra of GaN/Si films at various
growth temperatures [14-15].



3. Epitaxial I11-Nitrides

Epitaxial growth techniques have been specifically developed to enable the growth of
high quality semiconductor alloys under controlled conditions. Using these techniques, single-
crystal semiconductor thin films can be synthesized on different substrates. Owing to the
escalating demand for complex semiconductor devices, several techniques have been
successfully developed and refined in order to satisfy the ever evolving needs. The oldest
epitaxial growth technique, namely the liquid phase epitaxy, although is still being used in some
instances, the poor thickness uniformity and control as well as poor interface formation has
slowly switched to using the other technique, which is the vapor phase epitaxy. This vapor phase
epitaxy technique has been gaining interest in growing the I1l-nitrides semiconductors though the
formation of surface defects in the epitaxial films is unavoidable. The quality of the epitaxial
films can be greatly improved with minimized formation of surface defects through the
emergence of molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition
(MOCVD) techniques, which offer unsurpassed capabilities in the epitaxial growth of numerous
semiconductor structures, in terms of material quality, process control, and reliability.

In general, the MBE epitaxial growth process involves a reaction of multiple thermal
beams of atoms or molecules with a crystalline surface under ultra high vacuum (UHV)
conditions. The UHV environment will allow collimated beams of highly purified source
material to arrive at the substrate without colliding with other atoms or molecules, and thus
minimizing contamination. The heated substrate surface will allow the arriving atoms to
distribute themselves evenly across the surface, decreasing imperfections in the crystal structure.

These conditions generally will give a better control of the growth through kinetics of surface



processes between the impinging beams and the substrate as compared to the other growth
methods.

In comparison to the MOCVD growth technique, the MBE technique offers real-time
diagnostic tools, such as reflection high-energy electron diffraction (RHEED), which can be used
to extract growth information. Nevertheless, the relatively slow growth rates in the MBE process
has restricted the use of this growth technique for large scale manufacturing, in which the
process time has been a critical parameter for epitaxial growth. In this project, Veeco Gen Il
plasma-assisted MBE (PAMBE) was used to grow high quality IlI-nitrides films (Fig. 3.1) for
detailed understanding of the growth mechanism lying behind. Though previous studies have
been reporting about the research works done on epitaxy of GaN-based materials, majority of the
works was primarily focused on device applications. It was hypothesized that the performance
of the GaN-based materials was strongly dependent on the materials quality. Therefore, the
aspect of growth mechanism ought to be understood in this project before further improvement

on the materials quality could be comprehended.

Fig. 3.1 Plasma-assisted molecular beam epitaxy (PAMBE) system.



A representative flow chart showing the growth procedures involved in PAMBE system
is presented in Fig. 3.2. A typical growth cycle consists of substrate introduction, outgassing,
nitridation, gallium (Ga) cleaning, buffer layer deposition, and Il1-nitrides epilayer growth. After
loading of the substrate to the growth chamber, outgassing or heating was performed to remove
any surface contaminants. The nitridation step was only applied to sapphire (Al,O3) substrate by
exposing the substrate to nitrogen (N) plasma. A thin layer of aluminium nitride (AIN) would be
subsequently formed on surface of the Al,O3 substrate. For Si substrate, an in situ Ga cleaning
method was performed to remove surface contaminants, such as the oxygen impurities (O°),
which would tend to form silicon dioxide (SiO,) on the Si substrate surface. By using the Ga
cleaning process, the arriving Ga atoms would combine with the surface riding O™ to form
gallium oxide (Ga,0O3), which was very volatile at the high growth temperature. Hence, the Ga
cleaning process was important to assist in minimizing critical accumulation of O that would
distort the growth morphology of GaN epitaxial films.

The Ga cleaning process was proceeded with the deposition of AIN buffer layer for
growth nucleation. The temperatures of both substrate and source would be increased
appropriately in order to initiate the growth of the Ill-nitrides epilayers. During the growth
process, parameters, such as materials flux and substrate temperature needed to be manipulated
for optimization. Each growth step could be controlled in situ by RHEED, carried out using a
bombardment of high energy (~20 keV) electron beam on the sample surface at a glancing angle,
which would be subsequently reflected to a fluorescent screen. The reflection would give an
imaging of the diffraction patterns for the determination of flux rate, surface quality, and surface
reconstruction. For a semiconductor epilayer, the RHEED pattern would exhibit streaky lines or

spots with high contrast and low background intensity, as shown in Fig. 3.3. The acquisition of



streaky lines indicated the presence of a flat and smooth surface on the epilayer while the spotty
pattern was an indication of the formation of a rough surface or a three-dimensional (3D) growth

behavior on the epilayer.

Outgassing at load lock chamber

Outgassing at buffer chamber

Outgassing at growth chamber

Si(111)
Ga Cleaning

Growth of Hi-nitrides epilayers

Fig. 3.2 PAMBE growth procedure of I1I-nitrides thin film on Si (111) and sapphire.

(a) (b)

Fig. 3.3 A RHEED pattern with (a) streaky lines and (b) spotty pattern [18].
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In fact, the selection of substrate materials used for GaN epitaxial growth is paramount in
influencing growth behavior of the epilayers. Generally, close lattice-matched substrates have
been the materials of choice, striving to reduce stress generation and dislocations in the epitaxial
films. This has become one of the criteria used for the selection of substrate material. Besides,
the substrate material must be chemically and mechanically stable at high temperature. Ideally,
coefficient of linear expansion of the substrate and GaN should also be closely matched in order
to prevent additional stress build-up that can cause film cracking, especially after the deposition
process, in which the Il1-nitride films and substrate will be cooled down from high temperature
to room temperature. In addition, the substrate material should be readily available in larger
wafer size at a relatively low cost to be feasible for production scale devices. Moreover, in order
to increase a device lifetime and allow the device to operate at higher power densities, the
substrate material needs to possess high thermal conductivity. Whilst for optoelectronic
applications, the substrate should have a large band gap and a high refractive index as to prevent
the photons generated in the active layers of the films from being absorbed by the substrate [19].
For most of the applications, an electrically insulating or semi-insulating substrate would be the
best choice but certain optoelectronic applications could benefit from an electrically conductive
substrate.

Keeping view with the growth of IlI-nitrides films on different substrates, a lower cost,
excellent wafer quality, and more design flexibility offered by the Si substrate with current Si-
based electronic circuit system have suggested that Si substrate could be regarded as a viable
growth foundation for the epitaxial films [20]. Nonetheless, further development of the
heteroepitaxy of GaN on Si has been confronted by the difficulty in obtaining p-type (Mg)

doping in the IlI-nitrides films, especially for the GaN epitaxial film. It has been reckoned that
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high carrier concentration of p-type IllI-nitrides is a key factor, leading to the successful
fabrication of high performance optoelectronics devices, such as LEDs and laser diodes (LDs).
Therefore, controlling deep levels in the Mg doped GaN is one of the crucial aspects in
optimizing the device performance.

To date, it remains challenging for the growth scientists to obtain good quality GaN-
based epilayers with high p-type carrier concentration, owing to the occurrence of self-
compensation and the presence of deep acceptor level created by the Mg doping atoms in the
GaN films. In recent times, heavily Si-doped (1-2 x 10* cm™) [21] and Mg-doped GaN (4-5 x
10%° cm™3) [21-22] layers have been successfully grown on Si(111) by PAMBE. Fig. 3.4 (a)
depicts the high resolution XRD (HRXRD) results obtained for the heavily doped p-type GaN

epitaxially grown on Si(111) [21].
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Fig. 3.4 (a) HRXRD and (b) PL spectra of GaN/Si(111) [21].

Photoluminescence (PL) measurement (Fig. 3.4 (b)) showed that a near band edge
emission peak was detected at 354.1 nm, significantly blue-shifted from the typical reported
value of 364 nm. The blue shift could be attributed to the Burstein—Moss effect. In addition, a

broad emission peak observed at 387.5 nm could be due to a transition from conduction band
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edge of the GaN to the Mg acceptor level. The absence of yellow emission peak revealed that no
defect generation was present in the p-type GaN sample [21].

Besides, surface phonon polariton (SPP) studies of the wurtzite GaN thin film grown on
c-plane Al,O3 substrate was also carried out. Since the knowledge on the SPP modes is crucial
for understanding of the behavior of coupling effect between the photon and surface phonon,
there is an absolute need for thorough studies on the surface properties of this material. For the
experimental study, p-polarized IR attenuated total reflection (ATR) method shown in Fig. 3.5 (¢)
was used because the ATR method uses evanescent waves (EWSs), which can directly excite the
SPP [23]. Fig. 3.5 (a) shows the p-polarized IR ATR spectrum for the GaN thin film grown on
c-plane Al,O3 substrate measured at room temperature [24]. The ATR spectrum for Al,O3 (Fig.
3.5 (b)) was also shown for comparison. It should be noted here that the measurements have
been repeated at two different areas on the sample and the average values of these spectra are
calculated. From Fig. 3.5 (a), it was found that the ATR spectrum exhibited a prominent
absorption peak at 697.5 + 0.1 cm * having a FWHM of 10.0 + 0.2 cm™*, which can be attributed
to the SPP mode of the GaN film [24].

Fig. 3.5 (b) shows the p-polarized IR ATR spectrum of bulk Al,O3 crystal. It was found
that the Al,O5 exhibited two prominent absorption peaks at 629.0 + 0.2 cm * and 743 + 3cm !
[24]. Again, the latter peak has been assigned to the SPP mode of the Al,O3, while the origin for
the former peak was still not clear at this time because it was very close to the LO (E, (LO)3)
mode [25]. Besides that, an additional weak and broad peak which corresponded to the LO (E,
(LO),) mode of the sapphire was also observed at 893 + 1 cm ™ [25], as shown in Fig. 3.5 (b).

Nevertheless, neither these peaks were observed in Fig. 3.5 (a). Therefore, this led to the

13



conclusion that the features in Fig. 3.5 (a) were dominated by signals reflected from the GaN

film [24].
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Fig. 3.5 Room temperature p-polarized IR ATR spectra for (a) GaN thin film grown on c-
plane Al,O3 and (b) Al,O3 crystal as well as (d) typical set up for the measurement [24].

Apart from the epitaxial growth of GaN, another leap has been achieved in the
development of nitrides-based devices via the successful growth of InyGa;.xN, which is able to
provide a wide band gap, ranging from about 0.7 eV (x = 1) to 3.4 eV (x = 0) within the blue/UV
to infrared wavelength region. Nevertheless, the growth of InyGa;xN was confronted by high
equilibrium vapor pressure of N during the growth process. This phenomenon would impose
serious problem in the growth of In-based nitrides compounds because of the high vapor pressure
of N that would encourage the dissociation of In-N bond, leading to a desorption of In atoms
from the growing surface. Therefore, lower growth temperature than that of GaN was preferred
for InGaN epitaxial growth. In addition, high In concentration was unfavorable due to the
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plausibility of phase separation to take place in the grown InGaN films. Furthermore, the large
lattice mismatch between InGaN and GaN would create an in-plane biaxial stress in the
InGaN/GaN heterostructures. As a consequence, a large piezoelectric field would be induced in
the strained InGaN layer along a polar direction, affecting the long wavelength region of
nitrides-based devices [26].

In this project, PAMBE growth of InGaN/GaN/AIN on Si(111) substrate has been also
carried out [27]. It could be deduced from the HRXRD diffraction patterns in Fig. 3.6 for the
presence of GaN (0002), AIN (0002), GaN (0004), and AIN (0004), respectively at 34.59°,
36.09°, 72.96°, and 76.50° along with a weaker diffraction peak at 32.99°, ascribed to InGaN
(0002). The detection of these diffraction peaks signified the formation of heterostructure of 111-

nitrides epitaxially grown on Si(111).

Si(in

GaN (0002)

Intensity (a.u.)

AIN(0002)
GaN (0004)

§i(222)

20 30 40 50 60 70 80
20 (degree)

Fig. 3.6 HRXRD spectrum of the InGaN/GaN/AIN/Si(111) sample [27].

Table 3.1 summarizes the HRXRD peak position (26) and the corresponding crystal
planes as well as the relative intensity detected for the investigated sample. Fig. 3.7 shows PL

characteristics of the InGaN film grown on Si(111) using PAMBE. An intense and sharp peak
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was detected at 362 nm, corresponding to the band edge emission of GaN. The detection of

additional peaks at 403, 472 and 725 nm might be originated from the impurities or native

defects (such as Mg, C or N vacancy, Ga vacancy) related recombination. Besides, a broad peak

centered at 842 nm (1.47 eV), ascribed to the emission of InGaN was also detected [27].

Table 3.1 The HRXRD peak position (28), crystal planes, and relative intensity of
InGaN/GaN/AIN/Si(111) [27].

Peak position (20) (°) Crystal plane Relative Intensity (%)
28.457 Si (111) 100.00
32.986 InGaN 0.06
34.593 GaN (0002) 22.26
36.092 AIN (0002) 1.74
58.914 Si (222) 0.02
69.208 In Too low
72.964 GaN (0004) 0.59
76.500 AIN (0004) 0.03

Intnesity (a.u.)
A

382.35 nm
402.60 nm
/ 472.29 nm 724 68 nm S4182nm
400 600 800 1000

Wavelength (nm)

Fig. 3.7 PL spectra of InGaN/GaN/AIN/Si(111) sample. Inset shows cross-section of the

In addition,

sample, with scale bar rated at 100 nm [27].

high quality AlGaN ternary alloy has also been grown on Si(111) using

16



PAMBE [27-35]. The HRXRD results in Fig. 3.8 (a) confirmed that all the structures of AlGaN
with different Al mole fraction were epitaxially grown on Si(111). It could also be seen that the
peak of AlGaN was shifted towards higher diffraction angle with the increase of Al mole
fractions, indicating wurtzite structure of the AlGaN films [35]. HRXRD rocking curve was also
carried out to determine crystalline quality of the AlGaN epilayers (Fig. 3.8 (b)). Results
revealed that a relatively larger tensile strain has been perceived by the AlGaN film containing
the smallest Al mole fraction while a smaller compressive strain and larger grain size were
detected in the AlGaN film containing Al mole fraction of 0.30.

Apart from the growth of GaN, InGaN, and AlGaN epitaxial films on Si(111) substrates,
subsequent effort has been dedicated to growing a pn-junction, which is of a great importance
both in modern electronic applications and in understanding of other semiconductor devices. A
high quality GaN pn-junction has been successfully grown on Si substrate using PAMBE [36-
37]. The RHEED images depicted in Fig. 3.9 showed the formation of a good surface
morphology of GaN pn-junction layer [36]. The thickness of GaN pn-junction layer was about
0.705 nm. The absence of cubic phase of GaN in HRXRD spectra (Fig. 3.10 (a)) confirmed the
presence of hexagonal phases in the pn-junction layer. According to HRXRD symmetric rocking
curve /20 scans of (0002) plane at room temperature, the full width at half maximun (FWHM)
of GaN pn-junction sample was calculated as 0.34°, indicating a high quality layer of the GaN
pn-junction. The absence of yellow band emission in PL spectra (Fig. 3.10 (b)) confirmed that

the pn-junction layer was of a good optical quality [36].
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Fig. 3.8 (a) HRXRD spectra and (b) HRXRD rocking curve of AlGaN with different Al mole
fractions [35].
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(a) (v) ©
Fig. 3.9 RHEED pattern for the growth process of GaN pn-junction layer on AIN/Si(111). (a) Ga
cleaning, (b) AIN, and (c) GaN [36].

GaN (0002) 158.32 358.32
Si(11))
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(a) (b)

Fig. 3.10 (a) HRXRD spectra (b) PL spectra of GaN pn-junction layer [36].

4. Nanostructured I11-Nitrides

Hitherto, nano-sized materials have attracted much attention because of the large surface
areas and quantum confinement effects brought by the size of the materials within several
nanometer dimensions towards an enhancement in electronic, magnetic, optical, and catalytic
properties. Hence, inevitably superior performances have been established by the devices
employing the nanostructures in contrast to the conventional devices without the nanostructures.
Various synthetic methods of processing techniques, including vapor phase synthesis, solid state
route and solution phase methods, have been employed to control the shapes and sizes of the

nanostructures.
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The research enthusiasm in fabricating nanostructured I11-nitrides films was carried on by
synthesizing GaN nanowires (NW) via chemical vapour deposition (CVD) route [38-43]. One-
dimensional GaN NWs have been successfully synthesized on c-plane Al,O3; substrates in a
conventional horizontal tube furnace system using high purity GaN powder (99.999%
SigmaeAldrich) as the source material in the absence of metal catalyst [38-43]. Fig. 4.1 presents
the FESEM images of GaN nanostructures grown on c-plane Al,O5 using different flow rates of
NH; reactive gas at a constant growth temperature (T = 1000°C) [40]. Surface morphology of
the GaN nanostructures revealed that three different shapes were obtained as the flow rate was
altered. At low flow rate (75 sccm), thin film-like GaN nanostructure was obtained (Figs. 4.1
(@)-(b)). A considerable change of shape and size occurred as the flow rate was changed to
medium rate (100 sccm), in which zigzagged shaped GaN NWs with high aspect ratio and in a
diameter range of 30-180 nm and several micrometers in length emerged (Figs. 4.1 (c)—(f)) on
the substrate. At low magnification, it could be noticeably observed that the sample was
composed of a huge number of NWs that crossed each other as well as dispersed uniformly over
a large area of the substrate. Finally, further increase of the flow rate up to 125 sccm has
resulted in changes again in both the shape and size; microstructures were observed (Figs. 4.1
(9)-(h)) [40]. A metal nanoparticle catalyst was not observed clearly on the tip of the NWs even
under the high magnification FESEM images (Figs. 4.1 (c)-(d)). This could be an indication of
the consumption and desorption of Ga (high growth temperature), which suggested that the
growth of GaN NWs on the Al,O3 substrate has been realized via the vapor solid (VS) process

[40].
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Fig. 4.1 Low- and high- magnification FESEM images of GaN nanostructures grown on c-plane
Al,O3 substrates using tube furnace under different flow rates of NH3 gas: (a)-(b) 75 sccm, (¢)-(f)
100 sccm, and (g)-(h) 125 sccm [40].

Recently, semiconductor quantum dots (QDs), which are the 3D confined quantum
structures, have been extensively investigated for the development of optoelectronic devices.

Lasers with QDs embedded in the active layer are predicted to improve the characteristics of

lasers, such as a suppression of temperature dependence of the threshold current, a reduced
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threshold current density, and a reduced total threshold current. The use of QDs has been
widespread in the nitrides-based semiconductors due to the zero-dimensional electronic states in
the QDs that would play an essential role in improving threshold current characteristics of the
devices. Moreover, the absence of dislocations in the QDs is expected to impart higher
efficiency as the carriers confined inside the QDs would not be trapped at non-radiative
recombination centers formed by the dislocations [44]. It has been also reported that the
performance of InGaN laser could be improved enormously by introducing InGaN QDs into the
device active layer, and thereafter yielding a higher brightness, a lower threshold currents, and
better temperature stability [45].

High quality self-assembled InGaN QDs have been successfully grown by PAMBE on
Si(111) in this work [18]. The growth of InGaN QDs has been investigated in situ by RHEED.
It was deduced from this study that a low temperature growth of the InGaN QDs has
instantaneously led to the formation of 3D islands, as confirmed by the RHEED pattern in Fig.
4.2. Surface morphology of the InGaN QDs grown on Si(111) substrate has been examined
using field emission scanning electron microscopy (FESEM) (Fig. 4.3 (a)). It was found that the
diameters of the InGaN QDs were in the range of 20-25 nm as compared to Kadir et al. [46], in
which the mean size of the typical QDs was reported to be about 40 nm in diameter. Ji et al. [47]
on the other hand revealed the formation of big oval InGaN QDs without any growth interruption.
It was reported that a longer width of the oval QDs was around 140 nm while a shorter width of
the oval QDs was about 70 nm. These findings suggested that the zero-dimensional quantum
effects could be significantly enhanced in the samples grown using RF-PAMBE in this work

without the introduction of growth interruption. Fig. 4.3 (b) shows surface topography of the
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InGaN QDs inspected using AFM at a scan area of 500 nm x 500 nm. The corresponding rms

roughness of the QDs was 2.35 nm.
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Fig. 4.2 RHEED patterns of (a) GaN wetting layer (b) InGaN epilayer (c) InGaN QDs [18].
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(a) (b)
Fig. 4.3 (a) FESEM and (b) AFM images of InGaN QDs grown on Si(111) [18].

Another semiconductor material of interest for potential use in optoelectronic devices,
such as high efficiency solar cells, high electron mobility sensors, and transistors, has been
associated with the wurtzite structure of indium nitride (InN), exhibiting a band gap range from
0.7 eV to 1.9 eV [48-52]. Owing to the low dissociation temperature of InN, the InN films are
usually deposited at low temperatures as to avoid re-evaporation of the N atoms. Amongst the
techniques that have been reported for deposition of InN films, reactive sputtering has emerged
as one of the most promising techniques from the viewpoint of low temperature film growth.

It has been reported in literatures that the band gap of InN films was strongly dependent
on the growth conditions, in which dissimilar growth conditions would lead to the changes in the
band gap value. Amongst the factors that might be taken into consideration include Burstein—
Moss energy shifts [53], the presence of oxide precipitates [54], and other stoichiometry-related
defects [49]. However, it remains vague for the stoichiometry between the In and N in the InN
films as the related effects have not been clearly elucidated. Thus far, research outcome obtained
from previous study showed that the growth of InN films under thermal equilibrium condition
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was impossible to result in N-rich InN films [52]. On the other hand, the use of plasma sources
as in the radio-frequency (RF) sputtering technique could create a non-equilibrium growth
regime for the growth of N-rich InN films, which has in turn contributed to a large variation in
the band gap obtained [55]. This occurrence might be attributed to the changes in material
stoichiometry, and thus further investigation was required.

Dissimilar from previous studies, the present study reported about the growth of InN
films on porous (PSi(110)) and non-porous Si(110) substrates using reactive RF sputtering
technique in order to investigate the corresponding effects brought by the substrate towards
optical properties of the InN films [56-58]. Fig. 4.4 shows the PL spectra obtained for InN films

deposited on Si(110) and porous Si(110) substrates.
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Fig. 4.4 (a) PL spectra and, (b) The In, N, and oxygen atomic percentages per unit surface of InN
samples grown on non-porous Si(110) and porous Si(110) (PSi(111)) substrates [57].

A relatively stronger emission peak intensity was observed in the 1.8 eV-1.98 eV energy
range for the InN film grown on non-porous Si(110) at room temperature as compared to that for

the porous Si(110). However, the InN film grown on the porous Si(110) has demonstrated
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higher N content than the one grown on the non-porous substrate. This finding signified that the
substrate condition has also influenced the growth of InN film. Besides that, the growth of InN
on different substrates such as SiC has also been investigated [59-62].

Nanocrystalline InN films have been prepared by multiple methods, MOCVD [63] and
RF sputtering [64]. MOCVD and MBE can be used to grow single crystalline InN. However,
high processing cost is involved and the size of the grown epilayers is limited. Generally, RF
sputtering can be used in preference to MOCVD and MBE to fabricate noncrystalline or
polycrystalline InN [56]. Surface morphology of the nanocrystalline InN thin film deposited on
Si(110) could be clearly seen in Fig. 4.5 via the formation of agglomerated nanocrystals on the
film surface. Cross-sectional SEM images revealed the formation of 0.38, 0.45, and 0.70 pm
thick InN films on the Si(110) substrates in the samples exposed to deposition gas containing
100% N2, 75% N, and 50% N, respectively (Fig. 4.6) [56]. This observation indicated that an
increase in the Ar content of the gas ambient has assisted in increasing the thickness of the InN
film. The occurrence of this might be related to the fact that nitrogen has a higher electron
capture ability and a lower sputtering yield than Ar. Therefore, the increase in Ar content would
increase density of the plasmas. Consequently, the high density of plasma would be able to
sputter more In particles from the target to be reacted with the N, from the ambient, leading to
the formation of more InN particles on the substrates. Eventually, an increase in the thickness of

InN film was obtained [56].
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Fig. 4.5 FESEM image of nanocyrtalline InN film grown on Si(110) [56].

ta) b) <)

Fig. 4.6 Cross-sectional FESEM images of InN films grown on Si(110) with respect to the
deposition gas [(a) 100% N,, (b) 75% N,-25% Ar, and (c) 50% N,-50% Ar] [56].
5. Porous I11-Nitrides
Porous semiconductors have been widely studied in the last decade, primarily due to the
potential for intentional engineering of properties not readily obtained in the corresponding
crystalline precursors as well as the potential applications in optoelectronics, chemical and
biochemical sensing. Among the porous semiconductors, porous Si has received enormous
attention and has been investigated most intensively. However, the instability of physical
properties has prevented large scale application of porous Si. A shift of the porous technology
has been thereafter extended to other porous semiconductors, such as the conventional gallium
arsenide (GaAs), gallium phosphide (GaP), and indium phosphide (InP) as well as the wide band

gap GaN and SiC.
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Porous Ill-nitrides semiconductors, particularly the porous GaN has long been placed in
the forefront of technology, owing to superb physical properties provided, which include
excellent thermal, mechanical, and chemical stability as well as a potential shift of band gap.
Throughout the years, various processing techniques have been established in the fabrication of
porous IllI-nitrides semiconductors. Owing to the excellent chemical stability and high hardness
of the Ill-nitrides semiconductors, chemical or electrochemical etching techniques might not be
efficient in forming porous structures on the materials [65]. On the other hand, dry etching
technique could be a feasible technique to produce porous Ill-nitrides semiconductors yet
possible occurrence of surface-induced damage on the semiconductor surface as well as a lack of
desired selectivity towards morphology, dopant, and composition have restrained continuous
employment of dry etching techniques [66].

Photoelectrochemical (PEC) etching has been regarded as an improvised technique that
incorporates the use of an incident photon with optical energy greater than the band gap of the
semiconductors to generate electron-hole pairs for etching of the Ill-nitrides semiconductors.
Furthermore, PEC etching would allow the formation of porous or smooth surfaces by offering
anisotropic and dopant-selective etching [67] on the semiconductors. Nonetheless, PEC etching
might not be suitable for use in large area porous formation on the IlI-nitrides semiconductors,
attributable to dissimilar etching rates induced on different sites on the etched surfaces [68]. It
has been reported that metal-assisted electroless chemical etching technique could be a remedy
in fabricating homogeneous porous morphology over the large area of the IlI-nitrides
semiconductors [69-71].

A greater breakthrough was accomplished in the development of pore geometries on

porous IllI-nitrides semiconductors by broadening the porous technology from the binary GaN
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[72-73] to ternary InGaN [74-77] and quaternary InAlGaN [78-79]. In this work, three different
techniques, namely the metal-assisted ultraviolet (UV) electroless etching, UV-assisted PEC
etching, and laser-induced electrochemical etching methods were employed to produce the
nanostructured porous Ill-nitrides (GaN, InGaN, and InAlGaN) semiconductors. Fig. 5.1 shows
schematic diagrams of (a) metal-assisted UV electroless etching [80], (b) UV-assisted PEC
etching [81-87], and (c) laser-induced etching [72]. In order to evaluate the effects of different
etching parameters on structural, optical, and electrical properties of the porous Ill-nitrides,
various parameters, including the electrolyte concentration, anodization duration, and applied
voltage were studied for investigation. After the etching process, the samples were removed
from the solution and rinsed with distilled water.

Porous GaN has been successfully fabricated using Pt-assisted UV electroless etching
technique using 1:2:2 volume ratios of CH3;OH:HF:H,O,, CH3;OH:HNO3:H,0,, and
CH30OH:H,S04:H,0,. FESEM images depicted in Fig. 5.2 reveals the formation of uniformly
distributed pores in all the etched GaN samples. Excellent porous network without any ridge
morphology was obtained. In comparison, the smallest pore size was obtained for the GaN
etched using the HNOs-based etchant while the largest pore size was obtained for the GaN
etched using the HF-based etchant.

Raman studies ((Fig. 5.3 (a)) have detected the existence of E, (TO) and A; (LO) phonon
modes [88] of hexagonal GaN in all of the investigated non-porous and porous GaN samples.
The absence of disorder-activated phonon modes in the recorded Raman spectra confirmed good
crystalline quality of the porous structures [89]. Fig. 5.3 (b) depicts PL emission spectra of the
porous GaN samples in comparison to the non-porous sample. All of the porous samples have

exhibited higher peak intensity than the non-porous sample.
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Fig. 5.1 Fabrication of porous IlI-nitrides by different techniques.
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Fig. 5.2 FESEM images of porous GaN samples obtained by etching in different etchant
solutions [80].

The improvement in PL emission peak intensity might be caused by the high surface area
to volume ratio of the porous structures that has increased the number of participating electrons
in the PL process [90]. As a consequence, more light extraction off the sidewalls of porous
structures was achieved, and hence resulting in an enhancement in the PL efficiency by several
orders of magnitude. In contrast, the porous GaN obtained by etching in HF-based etchant has
shown the highest PL intensity. Besides, it was worth noting that sharper and narrower PL
emission peaks were perceived by the porous GaN samples relative to that of the non-porous
sample, indicating an improvement in crystalline quality of the samples after the formation of

porous structures.
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Fig. 5.3 (a) Raman and (b) PL spectra of non-porous and porous GaN samples obtained by
etching in different etchant solutions [80].

The porous InGaN ternary alloy was successfully synthesized by UV-assisted PEC
etching under various conditions. Fig. 5.4 shows the FESEM images of the pre- and post-etched
InGaN thin films. In Fig. 5.4 (a), the as-grown film has sufficiently smooth surface and
uniformly over a large region [76]. Inset presents cross section of the thin film, showing 1 um
and 0.1 um thick for the thickness of InGaN and AIN buffer layer, respectively. Figs. 5.4 (b)—(d)
show FESEM images of the porous InGaN surfaces. Coral-like ridges started to form and the
surface became rough during the etching duration of 5 min (Fig. 5.4 (b)); irregular shapes of
ridges with different sizes were found. Increasing the duration to 10 min (Fig. 5.4 (c)) and 15
min (Fig. 5.4 (d)) has led to an increase in the number of corals-like ridges, which became the
greatest at 15 min. This study concluded that the etching duration could affect the shape and size

of the pores [76].
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Fig. 5.4 FESEM images of the porous InGaN at a ratio of 1:4 and under various etching
durations: (a) 5 min; (b) 10 min; (c) 15 min; and (d) 20 min [76].

Fig. 5.5 shows the PL spectra of the InGaN thin films at pre- and post- etching for 5, 10,
15, and 20 min [77]. In Fig. 5.5 (a), the PL intensity of the etched films increased with longer
etching duration, reaching the maximum value at 15min, and then decreased at 20 min. Blue
shifts were observed in the spectra of the post-etched films (compared to the as-grown). The
high porosity-induced PL intensity could be explained by the extraction of strong PL via light
scattering from the side walls of the sample crystallites [91]. Compared with the as-grown films,
porous films have higher surface area per unit volume; thus, porous InGaN would provide much
exposure to the illumination of PL excitation light for the InGaN molecules. This phenomenon
might result in a higher number of electrons in excitation and recombination in porous films
compared with the case involving a small surface area of as-grown films [90]. The energy gap
was increased from 3.08 eV (403 nm) for the pre-etched thin film to 3.18 eV (390 nm) for the

post-etched thin film at 15 min.
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Fig. 5.5 Comparison of PL spectra of porous InGaN and as-grown film [77].

In essence, beneficial effects brought by porous GaN and porous InGaN in the aspects of
an enhancement in PL intensity, an improvement in internal quantum efficiency and light
extraction efficiency, as well as a relaxation of compressive stress with decreased dislocation
density have provoked considerable interest on formation of pore geometry in the quaternary
InAlGaN layer.  Moreover, the aforementioned benefits of porous formation revealed
significance of the porous Ill-nitrides semiconductors as templates for growth of subsequent
overgrown layers.

Thus far, Radzali et al. has fabricated porous InAlGaN layer using photo-electrochemical
(PEC) etching in a diluted potassium hydroxide (KOH) solution under illumination of Xenon
lamp [92]. In comparison to non-porous INAIGaN layer, a relaxation of compressive stress was
attained in the porous layers etched under different etching durations. Though the pore density
was relatively low, an improvement in the PL intensity and a relaxation of compressive stress
have been demonstrated by the porous InAlGaN sample relative to the non-porous sample when
the etching was performed in various etching current densities (20, 40, 80, and 160 mA/cm?) [92].

According to the study, an acquisition of the highest PL intensity and the largest band gap of
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3.24 eV have brought to an improvement in optical behaviors of the InAlGaN sample etched at
80 mA/cm?.  As the work reported for porous quaternary InAlGaN alloy is meager, it is of
interest in present work to investigate the influence of different KOH concentrations towards
structural, physical, and optical properties of the porous InAlGaN layers using UV-assisted PEC
etching technique under a constant etching current density of 80 mA/cm? [92].

Fig. 5.6 shows the top view images of the non-porous and porous InAlGaN samples
subjected to different etching durations. The nonporous InAlGaN sample had a smooth and flat
surface morphology. After 1 min of etching, small pores began to form on the surface. The pore
density increased as the etching duration increased to 5 min. After 10 min of etching, pore
formation became more pronounced. At this stage, a rough surface with a coral-like porous
structure and increased pore density was visible. On the other hand, after 15 min of etching,
deeper pore walls (visible as darker areas) were more prominent. Further etching up to 20 min,
most of the InAlGaN layer was etched away, revealing more Si areas. By this time point, the
etching activity was more devoted to removing the InAlGaN layer than to generating the porous
structure [92].

Fig. 5.7 shows the 20-scan HRXRD patterns for the non-porous and porous InAlGaN
samples at different etching durations [92]. For the non-porous sample, a single InAlGaN (0002)
peak was visible at 34.59° as well as InAIGaN (0004) peak was present at 72.96°. In addition,
the (0002) and (0004) peaks that originated from the AIN layer were visible at 36.06° and 76.48°,
respectively. The Si(111) substrate peak was located at 28.44°. It is interesting to note that the
InAlGaN related peak was present in all porous samples, which showed that the InAIGaN layer
has not been entirely etched away. However, the relative intensity of the InAlGaN (0002) peak

decreased with etching duration due to the removal of some of the InAlGaN crystals (inset of Fig.
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5.7) [92]. This result was in line with the FESEM images in Fig. 5.6, which showed that more of
the InAlGaN layer was etched away as the etching time was increased from 15 to 20 min. In
addition, the diffraction peak position of InAlGaN (0002) for the porous samples was shifted to a
higher angle compared to that of the non-porous sample, indicating a change in composition of

group 111 elements in the INAlGaN layer as a consequence of etching [92].

(2) nan-poriis o ()1 yin ‘\

Fig. 5.6 FESEM images of the non-porous and porous InAlGaN samples etched for different
etching durations [92].
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Fig. 5.7 26 scan HRXRD patterns of non-porous and porous samples; the inset shows the
magnified InAlGaN (0002) peaks [92].
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A novel AC (sinewave a.c. (50 Hz)) UV-assisted electrochemical etching, termed as
ACPEC has been studied to grow a high quality porous GaN [86] with excellent structural and
optical properties. FESEM micrographs shown in Fig. 5.8 indicated the formation of hexagonal-
like and nano building structures with different sizes in the porous GaN obtained by ACPEC
technique. The average pore size determined for the porous GaN obtained by etching for 45 min
and 90 min was about 35-40 nm and 55-60 nm, respectively. Fig. 5.9 (a) depicts the PL spectra
obtained for the porous GaN in comparison to the non-porous GaN. Results showed that the
porous layer exhibited a substantial enhancement in the PL intensity with a red-shifted band-
edge, which might be related to a relaxation of compressive stress after porosification. The shift
of E, (high) Raman mode to a lower frequency ((Fig. 5.9 (b)) further confirmed the occurrence

of stress relaxation in the porous GaN films [86].

Fig. 5.8 FESEM images of the (a) as-grown and porous GaN films obtained by ACPEC etching
at (b) 45 min, (c) 45 min (high magnification), and (d) 90 min [86].
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Fig. 5.9 (a) The near band edge PL spectra and (b) Raman spectra of the samples etched under
different durations measured at room temperature [86]. Inset shows the shift of E, (high) Raman
mode of the porous films.

In recent study, the novel ACPEC etching technique has been successfully used to
fabricate porous structures in p-type GaN. The reason of selecting AC as the external source to
fabricate porous p-type GaN was owing to the ability of AC current to travel in a sinusoidal form
that changes from a positive to a negative half cycle. This could be advantageous to solve the
downward band bending issue at the p-type GaN/electrolyte interface, in which simultaneous
oxidative decomposition of the GaN surface and cathodic reduction of solution species could
take place. A constant AC current of 40, 60, 80 and 100 mA was supplied to the investigated
films during ACPEC etching process for 90 min under UV illumination by regulating the variac
voltage to obtain the desired AC current value (40-100 mA), in which the current reading was
monitored using a clamp meter [87].

Surface morphologies of the porous p-type GaN films are presented in Figs. 5.10 (b)-(e)
in comparison to the non-porous film ((Fig. 5.10 (a)). PL measurement in a wavelength ranging

from 330 nm to 700 nm was performed on the investigated films at room temperature and the
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acquired spectra are shown in Fig. 5.11. PL spectra were detected in shorter wavelength region
while no additional yellow band associated with defect generation was detected. An
insignificant improvement in PL intensity was perceived by the porous p-GaN film obtained by
PEC etching at 40 mA. A considerable enhancement in the PL intensity was however obtained
by the films etched at 60 mA and 80 mA. This might be due to an increase in light scattering off
the pore networks in both the films as a result of the formation of a higher density of pores
and/or pores with larger dimension in the films comparing to the film obtained by PEC etching at
lower AC current of 40 mA. Moreover, a comparison between both the films also signified that
the removal of dark pores with larger dimension initially present in the 60 mA etched porous
film ((Fig. 5.10 (c)) after PEC etching at 80 mA has contributed to a decrease in the PL intensity.
In addition, the stains originating from residues that partially covered the underneath porous GaN
layer obtained by etching at 80 mA ((Fig. 5.10 (d)) could also play a part in this detrimental
effect [93] This detrimental effect could be explained based on destructive interference effect,
wherein a portion of light propagating through the pores was having difficulty in transmitting
through the stains [93]. By further increasing the AC current to 100 mA, the formation of
microcracks on surface of the porous p-GaN film would have degraded the optical properties of
this film, wherein the lowest PL intensity was attained.

Laser processing has the advantages of not bringing severe damage or contamination, as
well as of special selectivity with high resolution and high efficiency; however, there were few
reports on the laser processing of Ill-nitrides crystals. High quality nanostructured GaN layers
have been successfully fabricated by electrochemical and laser-induced etching processes based
on n-type GaN thin films grown on the Si(111) substrate via PAMBE [72]. The sample was then

placed in an electrolyte solution with ethanol 99.999%: HF 40%, all in a ratio of 5:1 applied with
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a current density of 75mA/cm? for the electrochemical etching process. In the laser-induced
etching, a power density of 38 W/cm? from a laser diode (A = 635 nm, 1.90 eV) was applied. All
the etching duration was 45 min at room temperature. The effects of varying current density on
morphology of the GaN layer was observed. Electrochemical etching has resulted in the
formation of pores over structures with different sizes. The etched surface became hexagonal,
and pores over structures were confined to smaller size. In addition, the pore walls were very

thin with some short thin tips at the top, as shown in Fig. 5.12 (b) [72].

Fig. 5.10 FESEM images of (a) non-porous and porous p-GaN samples obtained by etching in (b)
40 mA, (c) 60 mA, (d) 80 mA, and (e) 100 mA [87].
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Fig. 5.11 PL spectra determined for non-porous and porous p-GaN samples [87].

(@) As-grown GaN (b) poous structures of GaN
by electrochemical etching by laser-induced etching

Fig. 5.12 FESEM images of the porous structures of GaN prepared by electrochemical
etching and laser-induced etching [72].
When the etch rate of electrochemical etching was too large, the grain boundaries were
etched significantly slower than the centre of the crystals. This has led to the attainment of a
hexagonal-like and rough morphology. On the other hand, deep and extremely tiny pores were
observed in the samples subjected to laser-induced etching (Fig. 5.12 (c)) [72]. This acquisition
was believed to be caused by a variation in the penetration depth of the laser beam. Fig. 5.13
depicts the PL spectra obtained for the investigated samples. A blue shift luminescence was

obtained in the etched samples relative to the as-grown sample. It was observed that the band
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edge emission wavelength was shifted from 362.0 to 335.0 nm for the electrochemically etched
sample, and to 346.5 nm for the laser-induced etched sample. The blue shift luminescence could
be attributed to charge carrier quantum confinement, which meant that the particles have been
confined into a lower dimension and the probability of recombination of electrons and holes
would become higher [94]. Effective mass theory has been employed to estimate from the PL

data that the average diameter of the GaN crystallites was about 7-10 nm.
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Fig. 5.13 PL spectra of as grown and nanostructured GaN [72].

6. Optoelectronic and Electronic Devices

In recent years, UV photodetection has drawn a great deal of attention. A greater demand
for UV instrumentation has been achieved both in civil and military industries for applications,
such as engine control, solar UV monitoring, source calibration, UV astronomy, flame sensors,
detection of missile plumes, and secure space-to-space communications. The wide band gap
semiconductors have been the materials of choice for use in the fabrication of high responsivity

and visible-blind UV detectors, owing to the high saturation electron drift velocity, high stability,
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and direct band gap offered. Among various kinds of photodetectors, a keen interest was
developed in the form of metal-semiconductor-metal (MSM) structure due to its fabrication
simplicity, low dark currents, small capacitance, large active area for photodetection, fast
response, large bandwidth, low noise, and suitability for monolithic integration of optical
receiver. Basically, the structure of a MSM photodetector was consisted of two interdigitated
nickel (Ni) Schottky contact (electrode) with four fingers at each electrode, as shown in the

schematic diagram presented in Fig. 6.1.

—pHe—

Fig. 6.1 Schematic diagram showing structure of a MSM photodiode [95].

In order to produce an UV photodetector with a high signal-to-noise ratio, it is crucial to
achieve a low dark current condition in the fabrication process [96]. In this work, amorphous
and microcrystalline GaN films grown on Si(100) at 200°C and 600°C, respectively via the ECR
plasma-assisted MOCVD have been studied for the fabrication of MSM UV photodiode [95, 97].
Fig. 6.2 shows a comparison between the I-V characteristics of the amorphous GaN photodiode

and microcrystalline GaN photodiode [95] measured under (a) dark and (b) illumination
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conditions (photocurrent). A minute fluctuation in the dark current, nearly constant with the
applied bias was obtained for the amorphous GaN photodiode. The corresponding magnitude
was about 0.18 mA at 10 V, which was much smaller than that measured for the microcrystalline
GaN photodiode, which showed a magnitude of about 18 mA at 10 V. This behaviour was most
probably due to the resistive nature of amorphous GaN under dark condition as a result of a
limited carrier mobility and the existence of localized states in the band gap usually found in
amorphous semiconductors due to imperfect bonding configurations [98]. The current
conduction under dark condition of the amorphous GaN photodiode might therefore be caused
by thermally assisted hopping process between the localized states located near to the conduction
band mobility edge, which would usually occurred in low conductivity amorphous
semiconductors under moderate temperatures [99].

Under illumination, conductivity of the amorphous GaN photodiode increased drastically
(white light photoresponse). Under white light illumination, the change in the resistivity would
allow electrical conduction to occur at a normal behaviour, which was caused by significant de-
trapping of the localized states as a consequence of strong interaction of the visible and IR
components with the deep traps present in the band gap. However, the saturation current started
to break down (reverse breakdown) after exceeding 4.3 V for the bias voltage ((inset of Fig. 6.2
(1)). The attainment of low reverse breakdown voltage, explaining the sharp increase of
photocurrent for the amorphous GaN photodiode after 4.3 V might be due to high density of
localized states present near the conduction band mobility edge, which might have significantly
enhanced the photocurrent via a tunneling process [100].

On the other hand, a lack of saturation was observed in the dark current and photocurrent

characteristics for the microcrystalline GaN photodiode. It could be observed from the I-V
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curves shown in Fig. 6.2 (i) for a gradual increase in the dark current with respect to the applied
reverse bias but no saturation effect was demonstrated. The absence of saturation phenomenon
could be explained in terms of the barrier lowering effect or the dependence of barrier height on
the electric field strength in the barrier caused by the existence of an interfacial layer between the

metal and the semiconductor [97].
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Fig. 6.2 I-V characteristics of MSM photodiodes under (a) dark and (b) illumination
conditions for (i) amorphous GaN film and (ii) microcrystalline GaN film grown on Si(100) at
200°C and 600°C [97].

Further analysis was carried out by analyzing the -V characteristic shown by the dark
current condition (Fig. 6.2 (ii)(a)). Fig. 6.3 (a) presents the plot of In[l exp (eV/KT)] versus V
with the slope of e/nkT and y-intercept at In 1o, where 1 is the actual current, I, is the saturation
current, V is the bias voltage, n is the ideality factor, and T is the temperature. The ideality
factor was determined as 1.005, which was nearer to unity or small departure from unity,
indicating good quality of the Schottky contact in the MSM structure as well as the presence of a

thin interfacial layer between the Ni and microcrystalline GaN. In this case, the existence of

interfacial layer could not be ruled out, except that the microcrystalline GaN was cleaved in an
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UHV condition. The plot of 1/C? versus V in Fig. 6.3 (b) denotes a relationship between the
capacitance, C and bias voltage, V according to the equation of C? = (2/A’qNpes)(pp-E-V-KT/Q),
by assuming that the interfacial layer was absent; the diode was nearly ideal; the semiconductor
has a uniform donor concentration. The values of barrier height (pp) for Ni/microcrystalline
GaN and donor density (Np) of the semiconductor could be determined respectively from the
slope (2/A%qNpes) and x-axis interception (V,; = gp-(KT/q)-£) of the plot [95].
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Fig. 6.3 (a) The plot of In[l exp (eV/KT) vs. bias voltage (V) and (b) The plot of 1/C? vs. V for
microcrystalline GaN/Si(100) MSM photodiode [95].

The calculated Np was 1.479x10" cm ™ and @, was 0.734 eV. This finding signified that
a lower Schottky barrier height was obtained for the Ni/microcrystalline GaN grown on Si(100)
as compared to the reported values in the literatures for GaN films grown on Al,O3 substrates
[101-102]. The variation in barrier height values might be due to the formation of GayNis, the
different thickness of interfacial layer that might have formed, a variation in surface roughness of
the different layers, and defects formation in the microcrystalline GaN films as well as the

presence of several transport mechanism [103-104].
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Literature reported that the high thermal stability of GaN would prompt an improvement
in electrical characteristics of the UV photodetector with respect to temperature. A similar study
was carried out in this work via AlGaN heterostructures-based MSM UV photodetector, in which
thermal annealing was deemed to be a useful method to reduce the dark current in the
photodetector [34, 97]. Good I-V characteristics (dark and photo current), spectral responsivity,

and photoconductivity behavior [34] were demonstrated by the photodetector, as shown in Fig.

6.4.
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Fig. 6.4 (a) The spectra responsivity and photo conductivity (inset) (b) I-V characteristics of
AlGaN MSM UV photodetector [34].

In another study, porous InGaN structure produced via UV-assisted PEC etching was
used to fabricate the MSM photodetector for investigation [77, 105]. The photoelectric behavior
of the fabricated photodetectors was investigated using chopped light of wavelength 390 nm with
an intensity of 0.43 mW/cm? at a bias voltage of 0.5 V. The time-dependence photocurrent

characteristic of the detector is shown in Fig. 6.5 (a).
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Fig. 6.5 Photoresponse of the fabricated device at various applied biases [77].

Good repeatability was observed for the photodetector. In addition, a photovoltaic
behavior was observed at 0 V, in which the photons of the incident light were sufficient to
generate an electric field, which has in turn produced a photocurrent. The saturation current was
determined to be 0.032 mA under a light intensity of 10 mWcm™. As the bias voltage was
increased to 0.5 V and 1 V, the electric field produced a photocurrent that was added to the bias
current. Therefore, an increase in the saturation current from 0.9 mA to 1.57 mA with the
increase of bias voltage from 0.5 V to 1 V. Fig. 6.5 (b) shows one complete cycle of the
photoresponse, in which the rise time was noted to be shorter than the recovery time regardless
of the bias voltage. Under a bias voltage of 0.5 V for instance, the rise time was faster (12 ms)

than the recovery time (13 ms). In summary, the fabricated porous InGaN-based MSM
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photodetector has demonstrated a photovoltaic behavior with a responsivity that would increase
with the increase of applied voltage [77].

Solar cell manufacturing was also attempted in the present work by using a quaternary n-
type AlgoslnoosGapssN surface layer coated on a p-type Si [106]. Outcome of this work turned
out to be feasible, in which the system has successfully yielded a solar cell efficiency of 9.74 %
as compared to other anti-reflection coating (ARC) systems. This observation was attributed to a
reduction in optical losses and recombination losses on the surfaces, and thus resulting in an
enhancement in the efficiency. Moreover, the unique piezoelectric effect brought by I1I-nitrides
could have assisted in reducing the recombination rate, as well as in generating a well and barrier
structure, which would therefore improve the optical confinement state [106].

Furthermore, GaN-based metal-oxide-semiconductor (MOS) devices have been also
fabricated and characterized [96]. The GaN films were initially grown on Si(100) substrates by
ECR plasma-assisted MOCVD before subjected to oxide layer deposition using a spin-on SiO,
glass. After the SiO; film deposition, post-annealing was carried out at 200°C for 1h. A layer of
Al metal contact was then deposited on the SiO, film serving as a dielectric layer, as well as on
the back side of Si substrate to serve as an ohmic contact via vacuum evaporation. The
fabricated MOS structure was characterized using capacitance—voltage (C—V) with computer
aided measurement system (Keithly Instrument with ICS Software). It was conveniently
revealed from the C-V curves in Fig. 6.6 that a lower threshold voltage (Vi) (1.72 V) and flat
band voltage (V) (0.65 V) have been perceived by the sample annealed at higher temperature

(600°C) in contrast to the sample annealed at 200°C (4.95 V for Vy, and 4.01 V for Vy,) [96].
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Fig. 6.6 Capacitance—voltage (C-V) characteristics of the fabricated GaN-based MOS structures
annealed at (a) 200°C and (b) 600°C [96].

Recently, hydrogen has been gaining attention as the most promising clean, renewable,
and common fuel to replace carbon-based fuels in the future as to overcome some of the critical
problems related to a depletion of fossil fuel resources, air pollution, and global warming [107-
108]. Although hydrogen is less dangerous as compared to other combustible gases, its
invisibility, odorless, and tasteless characteristics might impose certain risks to human beings,
owing to the high heat of combustion and low ignition temperature within the wide flammable
range of 4%-75%. Besides, the smallest hydrogen molecule has high diffusion coefficient in air,
and thus any leakage in all stages of usage, such as storage and fuel cell in transportation may
bring explosion. Moreover, hydrogen will cause corrosion at elevated temperature [109]. The
hydrogen atoms will penetrate into the metals and subsequently exasperate the metals internally,
which will affect the properties of metals in terms of strength, durability, and fracture toughness.

In order to prevent the risk of a fatal accident due to hydrogen leakage as well as to get
rid of corrosion issues, it is necessary to develop a safety monitoring system for detecting the

hydrogen level using affordable and compact hydrogen sensors that can withstand high
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temperature. Among the wide band gap semiconductors, GaN-based materials have been
recognized as the viable materials used for gas sensor devices that operate in harsh
environmental conditions, such as high-temperature and chemically corrosive ambient. In
addition, the small Fermi level pinning characteristics of Ill-nitrides are also important features
that may lead to high gas sensor sensitivity [110]. Besides that, Ill-nitrides metal-
semiconductor-based (MS) sensors are more economic as compared to other materials due to the
simple processing steps involved. For these reasons, IlI-nitrides semiconductor materials have
attracted much attention in the field of gas sensing application.

Fig. 6.7 (a) shows a simple set up of gas sensing system in the laboratory. In the present
work, the Il1-nitrides-based gas sensor was tested in a homemade gas chamber channeled with
different concentrations of hydrogen at room temperature. Pt/GaN on sapphire was successfully
fabricated and the results showed that the GaN-based material system appeared to be very
promising for use in hydrogen gas detection. The structure of GaN hydrogen sensor is clearly

shown in Fig. 6.7 (b) [111].
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Fig. 6.7 (a) Simple set up of gas sensing system and (b) structure of the Pt/n-GaN gas sensor
[111].
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Nanostructured wide bandgap semiconductors for gas sensing have brought numerous
advantageous properties, including the ability to operate at high temperatures (or, alternatively,
to have low leakage current at room temperature), radiation and environmental stability, and
mechanical robustness. In addition, electrical, optical, and chemical properties of the
nanostructures can be tuned by changing the size of the particles. Particularly, the high surface
to volume ratios of nanostructures would generally enhance the sensor response as well as
increasing catalytic activity or adsorption over the surface of the nanostructures. To date,
hydrogen sensors fabricated using nanostructured GaN have been investigated [38-40].

The GaN NWs-based hydrogen sensor was operated at different temperatures and
constant applied voltage (1 V) during the gas sensing measurements. Fig. 6.8 presents the sensor
response with respect to hydrogen concentration. It was worth noting that the sensor response
was increased from 17 to 65 % at 7 ppm and from 127 to 150 % at 100 ppm when the working
temperature was increased to 75°C. The GaN NWs-based gas sensor has exhibited good sensing
performance for the ability to detect ultra low (ppm) concentration of H, gas at low operation
temperature, as well as fast response/recovery speed, suggesting the potential use of IlI-nitrides
materials for gas sensing applications [40].

High quality hydrogen sensors based on porous GaN [112] and porous InAlGaN [82]
were successfully fabricated. The porous GaN samples were synthesized by electrochemical
etching technique. To fabricate the gas sensor, Pt Schottky contact with thickness of 200 nm was
deposited onto the GaN film using RF sputtering system. A metal mask consisting of an array of
holes with a diameter of about 0.9 mm was used for this purpose. SEM image of the fabricated

gas sensor with Pt contact is shown in Fig. 6.9 [112].
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Hydrogen sensor based on GaN NWs
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Fig. 6.8 Changes in the response of GaN NWs gas sensor upon exposure to ultra

lowconcentrations (7—100 ppm) of H, gas at 75°C. The NWs based sensor was annealed under
100 sccm flow rate of NH3 gas [40].
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Fig. 6.9 FESEM image of the fabricated gas sensor with Pt contact [112].

Fig. 6.10 illustrates the on—off responses of the sensor measured at room temperature at a
constant voltage of 1VV. The response and recovery time measured for the sensor are about 3 and
2.5 min, respectively. The sensor showed a good sensitivity as a function of time with the
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minimum flow rate of 1 sccm for the test gas (H>), indicating a good sensor performance. The
maximum sensitivity was attained in more than 10 and 20 min (shut off-time) after cutting off
the hydrogen gas and this might accrue due to the trapping of hydrogen atoms from the defects at
the Pt/porous GaN (Pt/PGaN) interface and these atoms would then diffuse through the Pt thin
film, moving towards the Pt/PGaN contact interface. As a result, polarization took place,

forming a dipole layer near the interface.
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Fig. 6.10 Room temperature on—off responses of hydrogen gas sensors measured at constant
voltage of 1V [112].

The hydrogen gas sensing ability has been also demonstrated by the porous InAlGaN
films produced using UV-assisted PEC etching technique [82]. Fig. 6.11 shows the |-V
characteristic of the non-porous and porous InAIGaN samples subjected to different etching
durations for the detection of 0.1% H, in N, gas at room temperature. All the samples exhibited
Schottky characteristics. In general, an increase in the current of all samples was observed in the

initial stage of introducing 0.1% H, in N, gas to the chamber. As the etching duration was
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increased from 1 to 5 min and subsequently to 10 min, changes in the current was observed.
This result indicated that the porous structures have played an important role in enhancing the
sensor response, in which the porous samples with high pore density were more sensitive to the
hydrogen detection. This phenomenon was related to the increase in surface area to volume ratio
for the porous structures, which might allow more interaction between the sample surface and

the hydrogen gas [82].
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Fig. 6.11 I-V characteristics of porous InAlGaN gas sensors at different etching durations:
(@) 1 min, (b) 5 min, (c) 10 min, (d) 15 min, (e) 20 min when operated in ambient air and with
0.1% H, in N, gas at room temperature. (f) shows the 1-V characteristics of the non-porous
and 10 min etched porous InAlGaN gas sensors [82].
Apart from the hydrogen gas sensors fabricated using IlI-nitrides materials, other wide

band gap semiconductors, such as zinc oxide (ZnO) could be also synthesized on the IlI-nitrides
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films to form heterostructures for use in gas sensing application. In this work, high quality ZnO
hexagonal tube-like nanostructures grown on p-type GaN heterojunction have been synthesized
for sensing applications through a low-cost catalyst-free process by thermal evaporation at 800°C.
Fig. 6.12 (a) reveals that the “blanket thickness” for as-grown GaN substrate before the
deposition of ZnO was 0.6 pm while Fig. 6.12 (b) denotes that the “blanket thickness” for ZnO
nanostructures grown on the p-type GaN substrate was thicker (around 1.5 pm) with

approximately 1 pum thick for the length of the tube, as shown in Fig. 6.12 (c).

s @ 0.069 pm

Si (111)

10.6 pm ‘

pm |

0.5 pml
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Fig. 6.12 FESEM cross-section images (A) for p-GaN substrate before deposited, and (B) for
ZnO hexagonal tube-like nanostructures grown on a p-GaN substrate [113].

The dynamic response of the sensor based on ZnO hexagonal tube-like nanostructures on
p-GaN subjected to different H, flow rates at room temperature is shown in Fig. 6.13. It was

expected from this study that the proposed process could also be readily utilized in the
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development of other types of one-dimensional semiconductor nano materials-based chemical

and optoelectronic sensors.
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Fig. 6.13 The on—off currents of ZnO gas sensors operating at room temperature for a constant
voltage of 1 V exposed to different hydrogen flow rates [113].

On top of the hydrogen gas sensing studies, additional study was also carried out on
AlGaN-based MSM structure with Ni Schottky contacts to investigate the sensing behaviors of
hydrostatic pressure [114]. The MSM structure was consisted of two interdigitated Schottky
contacts (electrodes). The finger width was 230 pm and the finger spacing was 400 um. The
length of each electrode was about 3.3 mm and was consisted of 4 fingers. Ni was used as the
Schottky contact metal and was deposited by thermal evaporation through a metal mask onto the
AlGaN films. For pressure sensing measurement of the MSM device, hydrostatic pressure was
applied through a liquid pressure apparatus from the Polish Academy of Sciences. The
hydrostatic pressure was determined from the resistance change of a semiconductor (InSb)

pressure gauge located adjacent to the MSM sample in the cell. The I-V characteristics of the
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Alp24Gag 7N MSM structure are shown in Fig. 6.14 (a) for zero pressure and for 3.73 kbar of
hydrostatic pressure. The current at fixed bias was found to decrease as a function of applied
pressure, as evidenced in Fig. 6.14 (b). The observed change in current was reproducible

through several runs within the linear range.
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Fig. 6.14 (a) I-V characteristics measured under zero and 3.73 kbar pressure and (b) pressure
dependence of current for the AlGaN MSM structure [114].

Keeping pace with the advancement in GaN-based technology nowadays for power
electronics and other optoelectronics applications, LEDs have been progressively penetrating the
lighting technology to substitute the conventional energy inefficient incandescent lamps by
offering low energy consumption, high luminosity, and long lifetime. In the fabrication of a
functional LED giving emission of different colors, which can be red, green, blue, and white, the
band gap energy of the semiconductor materials has significant contribution in determining the
colour emission (wavelength). Since 1990s, GaN-based materials have been commonly utilized
in the manufacturing of bright LEDs. In recent times, the GaN market has been mostly driven by
the blue laser diode production and related applications, such as high-density data storage. The
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market has been strongly boosted by blue ray players and game stations, which are currently in a
strong demand. Fig. 6.15 shows a strong blue emission produced by GaN pn-homojunction

structures in this work.

(b)

Fig. 6.15 Strong blue emission produced by GaN pn-homojunction structures processed by (a)
dry etching using reactive ion etching (RIE)-inductively coupled plasma (ICP), and (b) RIE-ICP
followed by wet chemical etching.

A collaboration project was also carried out to fabricate a LED structure from the InGaN
multi-quantum well (MQW) grown using MOCVD system [115]. HRXRD rocking curves
revealed that the n-AlgesGaggsN/N-GaN strained-layer superlattices (SLS) under-layer has
facilitated in improving crystalline quality of the LED structures by reducing the threading
dislocation density (TDD). Reciprocal space mapping (RSM) confirmed the strain state of the
GaN epitaxial layers. Triple axis (TA) XRD omega-2Theta (®»-260) scan in Fig. 6.16 reveals the
presence of higher order fringes, indicating the formation of a sharp layer interface between the
main and MQW layers. PL measurement of the sample with n-Aly0sGag.9sN/n-GaN SLS under-
layer showed the acquisition of band-to-band photon energy of 2.97 eV with a narrower FWHM

as compared to the sample with n-Alg 03Gapo7N under-layer (Fig. 6.17).
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Fig. 6.16 Triple axis XRC ®-20 spectrum of Ing 11Gag ggN/Ing 02GagesN MQW LED structure of
Sample A and B with n-Alp0sGaggsN/n-GaN SLS and n-Alg 3Gago7N under-layer, respectively
[115].
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Fig. 6.17 PL characteristics of Ing11Gag goN/INg 02GaggsN MQW LED structure [115].
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The development and fabrication of flip-chip GaN based LEDs has prompted the search
for high reflectivity metallizations, in addition to stable, ohmic, and low resistivity contact to
GaN. Few researchers had reported the use of silver (Ag) or metal/silver as the metal contact to
n-GaN but rarely used as the metal contacts to p-GaN [116]. Literatures reported that silver has
good electrical resistivity (1.59 x 10® Qcm) and thermal conductivity (1 cal/cm-s-°C) [117].
Moreover, silver can form electrically superior contacts to p-GaN than Ni/Au, and has higher
reflectivity than Al [118]. Therefore in this work, an investigation on thermal stability and
morphological investigation of Ni/Ag bi-layer contacts on p-GaN with annealing temperatures
ranging from 300°C to 800°C was carried out. Cryogenic cooling after heat treatment was also
performed to determine the effects of this treatment on the electrical properties of the contacts

[119].

Table 6.1 The comparison of Ni/Ag specific contact resistivities at different annealing
temperatures and times between annealed (A) and annealed-and-cryogenically treated (A+C)
samples [119].

Annealing Specific Contact Resistivities (Q-cm’)

Temperature Annealing Times/ (cumulated annealing times)
(°C) 10 min 15 min/(25 min) 25 min/(50 min)

A A+C A A+C A A+C

300 - - - - 7,042 1,450
4010 - - - - 3,857 2475
500 1,254 16,272 4,047 13,185 7.030 12,009
GO0 0,825 0,773 2,470 0,703 3,411 3,222
700 0,489 0,395 0,354 0,099 0,401 0,251
R00 1,389 1,962 2,332 1,193 12,028 0,763

The initial study revealed that all as-deposited (reference sample), 300°C and 400°C

annealed or annealed- and-cryogenically treated samples demonstrated Schottky behaviour.
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However, under extended annealing time, i.e. 50 min, 300°C (A and A+C) and 400°C (A and
A+C) samples showed ohmic characteristics and A+C treated samples exhibited a better specific
contact resistivity (SCR) value than A samples for both 300°C and 400°C. From Table 6.1,
700 °C was the optimum annealing temperature for Ni/Ag contact resistivities in this study. All
the samples regardless of A or A+C under annealing durations of 10 or 25 min showed a similar
trend, with a high value of SCR at 500°C annealing temperature, then gradually decreased and
reached its lowest value at 700°C. The SCR increased tremendously after this optimum
temperature. The improvement of SCR from 500°C to 700°C could be related to the increase of
the contact areas between the metal scheme and the GaN, since the heat treatment might result in
the roughening of the interface due to interfacial reactions.

Besides that, study on transparent conducting oxides (TCOs) as electrodes for
optoelectronic devices has also been carried out to enhance the performance of LED [120-121].
Indium tin oxides (ITO) are widely used in optoelectronic applications as transparent conductive
electrodes (TCE) for light emitting and light detecting devices such as LED and solar cells. This
could be attributed to its unique properties of highly transparent over the visible spectrum (>
80 %), very low resistivity (~10™ Qcm), high carrier concentration (~10%* cm™) with mobility
around 10-30 cm?/Vs, wide optical band gap (~3.6-3.9 eV) and high work functions (~4.20 eV)
[122-124]. ITO thin films can be prepared by electron beam evaporation [125], thermal
evaporation [126], pulsed laser deposition [127], DC sputtering [128] and RF sputtering [129].
Among the reported techniques, sputtering technique is the commonly practiced method to
deposit the ITO thin films due to the high deposition rates, easy to control, and ability to deposit

on a large area of substrates with good thin film quality.

62



In this work, the TCO characteristics were studied by employing ITO and ITO/metal thin
layer as the electrodes for optoelectronics device applications [121]. ITO, ITO/Ag and ITO/Ni
were deposited on Si and glass substrates by thermal evaporator and RF magnetron sputtering at
room temperature. Post deposition annealing was performed on the samples in air at moderate
temperature of 500°C and 600°C. The structural, optical, and electrical properties of the ITO and
ITO/metal were then characterized [121].

Recently, high brightness ZnO nanorod/p-GaN UV LED was successfully fabricated in
this work [130]. The high-quality, vertically aligned ZnO nanorods were directly grown on a p-
type GaN substrate without the presence of interface layer via microwave-assisted chemical bath
deposition (MA-CBD), in which a polyvinyl alcohol (PVA)-Zn(OH), nanocomposite was used
as the seed layer. CBD is a low temperature and low cost growth method of ZnO nanorods on a
GaN substrate. However, this would leave an interface layer between the grown nanorods and
the substrate, which might affect the light emission and extraction behaviors of the device. Fig.
6.19 depicts a LED structure fabricated using the MA-CBD grown ZnO nanorods on p-GaN.
Prior to the growth of ZnO nanorods on the p-GaN substrate, 5- and 200-nm- thick layers of Ni
and ITO were deposited, respectively, by RF-sputtering on the p-GaN substrate, followed by an
annealing at 350°C for 1h in a nitrogen ambient. After the growth of ZnO nanorods arrays, poly
methyl methacrylate (PMMA), thin layer of SiO, (deposited by RF sputtering), and polyvinyl
alcohol (PVA) were used as the filling materials to ensure that all the spaces between the
nanorods have been entirely filled. This step was essential to prevent a possible occurrence of

short circuit between the top contacts (n-type ITO) and the substrate.
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I ; ITO contact

Fig. 6.19 Schematic illustration of fabricated n-type ZnO nanorods/p-type GaN thin film LED
[130].

Fig. 6.20 presents the FESEM images and electroluminescence (EL) characteristics of the
ZnO nanorod/p-GaN LEDs [130]. It was revealed from the figure for the formation of vertically
aligned hexagonal structures in the ZnO nanorods ((Fig. 6.20 (i)). In addition, it could be
observed that a high density of the ZnO nanorods was grown on the GaN substrate, suggesting a
good homogeneity of the seed layer. The EL spectra were measured in forward and reverse bias
at a normal incidence angle to the top surface of the LEDs. When the bias voltage was increased
to 45 V with an injection current of 125 mA (Fig. 6.20 (ii) (b)), the EL peak intensity at 372 nm
was rapidly increased with a minute red shift to 375 nm. This phenomenon might be due to the
high kinetic energy of the electrons and holes that have recombined at the two sides of the
heterojunction, leading to a heating of the junction. Besides, it was noted that the EL properties
has exhibited EL emission under both forward and reverse bias but was mainly resided in the UV

region [130].
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Fig. 6.20 (i) FESEM images of ZnO nanorod on p-GaN (ii) EL spectra of LED [130].

In addition, a novel and low cost "NORLED" (NanO-Rod LED) device, which emits in
the UV region was fabricated using ultra long ZnO nanorods that were grown on the p-GaN

substrate by a direct heat substrate-modified chemical bath deposition (DHS-MCBD) growth
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process. Thus far, it remains challenging to fabricate ultralong ZnO nanorods arrays in order to
obtain a high aspect ratio by the conventional chemical bath deposition (CBD) or hydrothermal
method. This problematic issue might be due to the decrease in the concentration of solution
(source of ions) present in the bath during the growth process with an increase in duration of
reaction and because of the thermal energy indirectly supplied to the substrate during heating of
the solution [131]. Furthermore, it is not an easy task to increase the substrate temperature while
not increasing the solution temperature. The solution would tend to boil at temperature more
than 100°C, leading to an innomogeneous growth and undesirable contamination on the substrate
[131].

The emergence of DHS-MCBD in this work has been deemed to be able to address the
aforementioned issues. The ZnO nanorods/p-GaN heterostructures could serve as a nano-sized
junction device by improving the carrier injection efficiency at the heterojunction structure. In
particular, this system provides a simple and low-cost method for the fabrication of a nano-size
junction electronic device. The excellent UV and blue n-ZnO nanorods/p-GaN LED performance
under reverse bias was fabricated with high intensity of electroluminescence (EL). The
corresponding EL spectra obtained for the heterojunction NORLED (n-ZnO/p-GaN/sapphire)
measured under reverse bias, ranging from 3 mA (-4.2 V) to 28 mA (-28.5 V) is shown in Fig.
6.21. It could be worth noting that the spectrum was composed of near UV emission centered at

~ 389 nm (3.18 eV) with a broadband centered at ~ 366 nm.
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Fig. 6.21 EL spectra of heterojunction NORLED under reverse bias measured from frontside of
n-ZnO/p-GaN/sapphire substrate LED [131].

In this work, dissimilar from previous studies, low temperature synthesis method, namely,
microwave-induced combustion synthesis method (M.W) was used to prepare high purity,
homogeneous, small particle sized phosphor powder for use to convert emission from GaN-
based LEDs to white light. Fig. 6.22 depicts a schematic cross-section illustration and white
light emission from the phosphor converted InGaN-based LED chip (445 nm).

Surface morphology of the obtained phosphor powder was observed by FESEM. As
illustrated in Fig. 6.23 (a), highly agglomerated particles with coarsening surface area and cracks
and pores formed by the escaping gases during the combustion reaction were obtained. This
indicated that the sintering process had been locally completed. Furthermore, agglomerated
particles are generally useful to the efficiency of LED- based lighting devices, which would

prevent permeation blue light LED which affects on white light [132]. Fig. 6.23 (b) illustrates



the EL spectra of WLED fabricated using the phosphor converted InGaN-based LED chip (445

nm). A decrease in the blue LED peak intensity was observed while that of the yellow emission

band increased.
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Fig. 6.23 (a) FESEM micrograph of YAG: Ce** phosphor powder sintering at 1050°C for 5 h and
(b) EL spectra of phosphor converted InGaN-based WLED (445 nm).
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This finding showed that more absorption of blue light has taken place and thus enhancing
the yellow light output as well as reducing light scattering caused by the dense microstructure of
the ceramic sample [133]. Nonetheless, the blue light emitted from the LED chip was not
completely absorbed by the phosphor. This could be attributed to the non-uniform coverage of
phosphor on the LED chip during manufacturing and low down conversion efficiency of the
prepared phosphor. It is well- known that the down conversion efficiency strongly depends on

the phosphor composition and phosphor grain size [134].

7. Theoretical Work

Alongside the experimental work, theoretical work has also been carried out. Simulation
work proved that LED performance would reduce as the number of InGaN quantum well layer
was increased [135]. The study was based on the integrated radiative recombination rate per sec
per um width (attributed as the emission efficiency) as a function of the number of InGaN
quantum wells. Hence, the single quantum well (SQW) has exhibited a better performance than
those of multiquantum wells. Similar simulation results were reported by Chang et al.[136],
Chang et al. [137] and Kuo et al [138], where the performance of LEDs decreased with the
increase of the number of quantum wells. In addition, energy band diagrams of simulated SQW
and five quantum wells (5QWSs) structures were also compared in the study. It was noted that the
barrier heights (at p-GaN/active region interface at the valence band and active region/n-GaN
interface at the conduction band) for 5QWs structure were relatively higher particularly at the
active region/n-GaN interface as compared to that for single quantum well structure [135].
These would thus result in a difficulty in the transport of electrons and holes into the active

region.
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Fig. 7.1 depicts the performance characteristics of InGaN MQW laser structures [139-
140]. The schematic diagram of deep violet Ingos,Gagg1sN/GaN double quantum well laser
diode (DQW LD) structures under this study are shown in Fig. 7.1. The effects of Al
composition and thickness of AlGaN electron blocking layer (EBL) on optical and electrical
properties of deep violet Ing0s2Gag91sN/GaN DQW LDs have been investigated. In addition, a
comparative study has been conducted on the performance characteristics of the LD structures
with an AlGaN EBL and a quaternary AlinGaN EBL with an output emission wavelength at 390
nm.

Fig. 7.2 portrays optical intensity of the deep violet InGaN DQW LDs with different EBL
structures, including the AlGaN EBL, quaternary AlInGaN EBL. It could be seen that the
optical intensity was increased in the InGaN DQWLDs with quaternary AlinGaN EBL. The use
of the quaternary AliInGaN EBL has enhanced radiative recombination in the well, as well as
increasing output power and optical confinement factor (OCF) because of a greater carrier
accumulation in the active region. The increase in the OCF and optical output power has thus
resulted in an increase in the optical intensity. The simulation results showed that the use of
quaternary AlInGaN EBL has also effectively improved the LD performance characteristics
[144]. Fig. 7.2 (b) presents the electron current density of InGaN DQW LDs with AlGaN EBL
and quaternary AlInGaN EBL. As shown in the figure, the electrons have contributed to the
occurrence of radiative recombination in the wells and consequently lowering the over flow from

the wells to the barriers and to the p-side layers.
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Fig. 7.1 Schematic diagram of laser structures of deep violet InGaN DQWLDs with AlGaN EBL
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Fig. 7.2 (a) Optical intensity and (b) Electron current densities of deep violet Ing0g2Gag 91sN/GaN

DQW LDs with different EBL structures [139].

Besides that, the effects of inserting AlGaN EBL in the GaN-based VCSEL structures on

the laser performance has been investigated using Integrated System Engineering Technical
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Computer Aided Design (ISE TCAD) program software [141]. The performance characteristics
of GaN-based quantum-well VCSEL were improved after the addition of AIGaN EBL. The
effects of Al mole fraction (x) of the AlxGa;.xN EBL on the GaN-based VCSEL performance,
ranging from x = 0.15 to x = 0.25 was also studied. As the mole fraction was increased from x =
0.15 to x = 0.17, the threshold current was reduced. This was due to the increase in carrier
confinement due to an increase in the accumulation of carriers closer to the active region,
accompanying the addition of AlyGa;xN EBL. At mole fraction above x = 0.17, the threshold
current was increased, attributable to a saturation of the carriers inside the active region, which
has caused an increase in the leakage current. It could be also due to the obstruction created by
the EBL towards the flow of holes into the active region. As the GaN-based VCSEL has
demonstrated the optimum performance with Alg17GaggsN EBL, hence, the effects of
Alp17GapgsN EBL thickness on the GaN-based quantum well VCSEL performance were also
investigated. According to the simulation results, the GaN-based VCSEL established the

optimum performance when the EBL thickness was 25 nm, as conveniently deduced in Fig. 7.3.
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Fig. 7.3 Output power-injected current for InGaN-based intracavity-contacted oxide-confined
VCSEL without EBL and VCSEL using 25 nm Alg17GaggsN EBL [141].
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8. Summary

Intensive material studies and simulation work have been carried out on IlI-nitrides
semiconductors (GaN and related alloys). Amorphous, microcrystalline, nanocrystalline, and
epitaxial Ill-nitrides have been investigated for a wide variety of applications. Novel growth
technology, processing techniques, treatments and optimization of device fabrication parameters
have been carrried out to enhance material quality and device performance. High quality Il1-
nitrides thin films were successfully grown by plasma-assisted molecular beam epitaxy (PAMBE)
on Si substrates. Light emitting diodes (LEDSs), photodetectors (light sensors), metal-oxide-
semiconductor (MOS) capacitors, pressure sensors, and gas sensors based on these materials
have been fabricated and characterized. Alongside the experimental work, theoretical work has
also been carried out to investigate the performance characteristics of GaN-based LEDs, multi-
quantum well (MQW) laser structures, and vertical cavity surface emitting laser (VCSEL).
Besides that, study on novel metallization schemes and transparent conducting oxides as
electrodes for optoelectronic devices has also been carried out to enhance the performance of
LEDs. Nanostructured porous GaN, ternary, and quaternary Ill-nitrides (InGaN and InAlGaN)
with different mole fractions have been fabricated by three different techniques, namely, metal-
assisted UV electroless etching, laser-induced etching, and DC as well as novel AC-assisted
photo-electrochemical etching. Sensors fabricated from these films have shown significant
improvement in device performance.

Low temperature microwave-assisted chemical bath deposition (MA-CBD) growth
technique has been employed to grow ZnO/GaN heterojunction LED. Also, a novel and low cost
"NORLED" (NanO-Rod LED) device, which emits in the UV region was fabricated using ultra
long ZnO nanorods grown on the p-GaN substrate by a direct heat substrate-modified chemical

bath deposition (DHS-MCBD) growth process. The DHS-MCBD method has turned out to be
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promising for fabricating pn heterojunction nanorod devices. The UV emission is also expected
to provide high energy to excite phosphor in order to produce white LEDs for solid state lighting
(SSL) applications. SSL-LED industry is one of the most promising and upcoming market in the
electronics industry. The lower power consumption fits well with the “green” energy which has
been become the in-thing of today’s environmental matters. Future work will be focused on
GaN-on-GaN technology and high brightness hybrid LEDs. New materials are crucial to driving
down the price tag and driving up market acceptance. The prospects for Ill-nitrides are
enormous, and these materials are expected to dominate the optoelectronics and electronics

market in the years to come.
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