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ABSTRACT

Study of III-nitride Nanowire Growth and Devices on Unconventional

Substrates

Aditya Prabaswara

III-Nitride materials, which consist of AlN, GaN, InN, and their alloys have be-

come the cornerstone of the third generation compound semiconductor. Planar III-

Nitride materials are commonly grown on sapphire substrates which impose several

limitations such as challenging scalability, rigid substrate, and thermal and lattice mis-

match between substrate and material. Semiconductor nanowires can help circumvent

this problem because of their inherent capability to relieve strain and grow thread-

ing dislocation-free without strict lattice matching requirements, enabling growth on

unconventional substrates.

This thesis aims to investigate the microscopic characteristics of the nanowires

and expand on the possibility of using transparent amorphous substrate for III-nitride

nanowire devices. In this work, we performed material growth, characterization, and

device fabrication of III-nitride nanowires grown using molecular beam epitaxy on

unconventional substrates.

We first studied the structural imperfections within quantum-disks-in-nanowire

structure grown on silicon and discovered how growth condition could affect the

macroscopic photoluminescence behavior of nanowires ensemble. To expand our work

on unconventional substrates, we also used an amorphous silica-based substrate as a

more economical substrate for our nanowire growth. One of the limitations of growing

nanowires on an insulating substrate is the added fabrication complexity required to

fabricate a working device. Therefore, we attempted to overcome this limitation by
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investigating various possible GaN nanowire nucleation layers, which exhibits both

transparency and conductivity. We employed various nucleation layers, including a

thin TiN/Ti layer, indium tin oxide (ITO), and Ti3C2 MXene. The structural, elec-

trical, and optical characterizations of nanowires grown on different nucleation layers

are discussed.

From our work, we have established several key processes for transparent nanowire

device applications. A nanowire LED emitting at ∼590 nm utilizing TiN/Ti inter-

layer is presented. We have also established the growth process for n-doped GaN

nanowires grown on ITO and Ti3C2 MXene with transmittance above 40 % in the

visible wavelength, which is useful for practical applications. This work paves the

way for future devices utilizing low-cost substrates, enabling further cost reduction

in III-nitride device fabrication.
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Chapter 1

Introduction

1.1 Motivation

The III-nitride wide-bandgap semiconductor is considered as the cornerstone of the

third generation of semiconductor material system. The III-nitrides consists of AlN,

GaN, InN, and their compounds. The material exhibits direct bandgap from alu-

minum nitride (AlN) to indium nitride (InN) [1], enabling synthesis of materials with

emission ranging from the ultraviolet (UV) region to the near infrared (NIR) region.

The material exhibits high breakdown voltage, high electron mobility, and saturation

velocity suitable for high power microwave applications. The mechanical and chemi-

cal stability of the material makes it possible to use III-nitride based devices in harsh

working conditions.

In 1993, Shuji Nakamura, through several advances in material growth technology,

finally managed to invent a highly efficient blue light emitting diode (LED) based on

the InGaN/GaN quantum wells [2] resulting in the realization of high-efficiency white

LED. In the field of high power microwave technology, Algan/GaN heterostructure

enables the advancement of high electron mobility transistor (HEMT). In the field of

renewable energy, the InGaN ternary compound is capable of covering the spectrum

range that covers the sun’s spectrum while straddling the H2O redox potential, making

it attractive in photoelectrochemical water splitting for hydrogen generation. Also,

the chemical stability of the material makes it suitable for prolonged electrochemical

reaction within the harsh aqueous solution.
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One of the challenges involved in epitaxially growing III-Nitride material is the

limitation of the growth substrate selection. Commercial GaN/InGaN-based LEDs

are typically grown on sapphire substrate with a lattice mismatch of 14.8% [3]. The

large lattice mismatch results in threading dislocation (TD), which appears as the

material’s response to relieve strain [4]. Furthermore, the hardness of sapphire sub-

strate makes it difficult to scale up wafer size manufacturing while maintaining strict

crystal orientation requirement [5, 6]. Although alternative growth substrates such

as silicon carbide or native GaN substrates are available, they are usually costly to

produce and prevents large scale production.

Research works have been done to develop the growth of III-Nitride on cheaper or

more scalable unconventional substrates, such as on silicon, metal, or oxides. Previ-

ous research works usually involve careful growth optimization to filter out threading

dislocations and compensate for strains. Another possible method is to grow poly-

crystalline structure to accommodate the lattice mismatch between the epi-layer and

underlying substrate [7].

For the past decade, many developments have been done in the field of nanostructure-

based III-Nitride nanostructures. By utilizing nanostructures instead of conventional

planar-based structures, it is possible to achieve several advantages such as single

crystal growth on lattice- and thermally-mismatched substrates [8]. Their large sur-

face area also provides additional strain relief capability which results in a reduced

piezoelectric field and subsequently increased quantum efficiency.

One subset of interest from the III-Nitride nanostructures is the catalyst-free

molecular beam epitaxy (MBE)-grown nanowires. These nanowires are typically 50-

100 nm in diameter, with length up to micrometer range. Under the proper growth

condition, these III-Nitride nanowires can grow spontaneously without the need for

catalyst or complex sample preparation, making the growth process straightforward.

These MBE-grown nanowires have been fabricated into optoelectronic devices such
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as LED [9, 10, 11, 12, 13, 14, 15, 16], photodetectors, and lasers [17, 18]. Beyond

optoelectronics, the nanowires have also found use in emerging fields such as nano-

generators [19, 20, 21], photoelectrodes in photoelectrochemical water splitting, and

piezoelectric devices [22, 23, 24].

The catalyst-free III-Nitride nanowires become an attractive route for growing

III-Nitride materials without strict substrate requirements. Their high surface to vol-

ume ratio results in threading dislocation-free growth [25] and strain relaxation[26].

Nanowire heterostructures allow for higher incorporation of indium fraction in In-

GaN alloys, enabling long-wavelength emitter applications [27]. The lower Mg ac-

tivation energy allows for a more efficient p-doping, which is an essential issue for

wide-bandgap semiconductor[28]. As such, the study of III-Nitride nanowires on un-

conventional substrates become a required field to study by itself.

1.2 Novelty and Impact of This Work

In this work, we performed material growth, characterization, and device fabrication

of III-nitride nanowires grown using molecular beam epitaxy on substrates beyond the

conventional sapphire substrate commonly used in commercial GaN-based devices.

Because the nanowires are considered as a low-dimensional structure, their pho-

toluminescence behavior can be different when compared to their planar counter-

part. Within the active region of the nanowires, InGaN insertions take the shape of

quantum disks, which gives additional degree of quantum confinement compared to

conventional InGaN quantum wells. We first studied the link between structural im-

perfections within quantum-disks-in-nanowire structure grown on Si(111) substrate

and the macroscopic photoluminescence behavior of the nanowires ensemble. We

used cathodoluminescence scanning transmission electron microscopy to investigate

emission spectra from microscopic defects and compare it with the photolumines-

cence spectra. From this work, we highlighted the effects of growth condition to-
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wards the formation of microscopic structural defects and the optical properties of

the nanowires.

To expand our work on unconventional substrates, we also used an amorphous

silica-based substrate as an economical substrate for our nanowire growth. One of

the limitations of growing nanowires on an insulating substrate is the added fabri-

cation complexity required to fabricate a working device. Therefore, we attempt to

overcome this limitation by investigating various possible GaN nanowire nucleation

layers, which exhibits both transparency and conductivity. We investigated the pos-

sibility of using a thin TiN/Ti layer, indium tin oxide (ITO), and Ti3C2 MXene layer

as our nucleation layer on top of the amorphous silica substrate.

We first attempted to utilize a thin TiN/Ti nucleation layer. The TiN/Ti layer is

obtained through the nitridation of a thin evaporated Ti layer, forming a translucent

nucleation layer. This method is advantageous as Ti is widely used in the semicon-

ductor process, and TiN has a good lattice matching with GaN. Furthermore, TiN is

suitable for forming ohmic contact with n-GaN. We have demonstrated the growth

of InGaN/GaN nanowires directly onto an amorphous silica substrate using TiN/Ti

interlayer and have fabricated LEDs based on the nanowires-on-quartz platform. By

utilizing nanowires-based structure, we were able to grow highly crystalline III-nitride

material on amorphous silica without the need for a complicated or expensive process.

The nanowires-on-silica platform enables the realization of an LED light emitting de-

vice based on a scalable and economical substrate. The LED emits light with spectra

covering yellow to red (peak wavelengths of 590 nm to 650 nm ) with an FWHM of

over 120 nm. Taking advantage on the broadly tunable spectral characteristics of the

device, we demonstrated a practical generation of a widely tunable white light from

3000 K to >7000 K in a transmission configuration.

Despite the advantages of Ti, there is a significant tradeoff between transparency

and conductivity. Therefore, we choose ITO, which is widely used in the industry as
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our transparent conductive layer. As a degenerate semiconductor, ITO can provide

good conductivity while exhibiting transparency across the visible wavelength. We

have performed the growth of GaN nanowires on top of an ITO thin film deposited

on a fused silica substrate. Physical characterization using electron microscopy shows

that the nanowires grow perpendicular to the substrate plane. Despite growing on a

polycrystalline surface, the nanowires exhibit high crystal quality. A strong GaN near-

band-edge emission was detected through photoluminescence characterization, while

the yellow luminescence commonly associated with defects is absent. The nanowires

have a preferred N-polarity, indicated by the preferential etching of the crystal plane

in a KOH solution. We have also discovered that some nanowires grew in the nonpolar

a-plane direction, suggesting the influence of the orientation of the underlying ITO

grain. C-AFM measurements on n-doped nanowires show Schottky contact behavior

and good lateral conductivity, highlighting the possibility of the platform for device

application.

Finally, we used Ti3C2 MXene, an emerging family of 2D material as the nucleation

layer for GaN nanowires. MXene has the advantage of having tunable optical and

electrical properties. In particular, Ti3C2 MXene has a good lattice matching with

GaN (a = 3.07�A and a = 3.18�A for Ti3C2 MXene and GaN respectively). The GaN

nanowires exhibit a unique epitaxial relationship with the MXene layer, as shown by

the {1-100} faceting of the nanowires. Optical measurement using low-temperature

photoluminescence indicates a low number of point defects. The GaN grown on

MXene shows >40% transmittance from 500 nm - 700 nm. Nanoscale electrical

measurement using C-AFM shows a Schottky contact behavior within the nanowire.

The transparency and electrical conductivity of the MXene/GaN nanowire platform

make it attractive for applications such as transparent electronics, solar cells, and

photoelectrochemical water splitting.

From the structural, electrical, and optical characterizations, we observe that the
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characteristics and overall morphology of the nanowires depend on the characteristics

of the nucleation layer in terms of crystal orientation, surface roughness, and grain

size. However, in general, the nanowires retain their single crystallinity and exhibit

excellent structural characteristics regardless of the nucleation layer used.

Our work helps to establish the growth process of GaN nanowires on various

transparent conductive electrodes on top of a scalable and economical substrate. We

have identified the advantages and limitations for each nucleation layer while showing

that GaN nanowires retain high structural quality, making them suitable for various

applications.

1.3 Outline

Chapter 1 of this thesis describes the general overview of III-nitride development. We

identified the research gap based on the limited substrate selection for high-quality

GaN growth and highlights how it is possible to employ III-nitride nanowire structures

to circumvent strict substrate limitations. We also give a general overview of how

this thesis contributes to the III-nitride community.

Chapter 2 chapter gives a detailed literature review about the III-nitride system

and various considerations related to conventional planar structures. An explanation

about spontaneously grown III-nitride nanowire growth, structure, and limitations is

discussed in detail. An overview of transparent conductive electrodes and MXene is

also given.

Chapter 3 gives the theoretical background of various material characterization

tools used in KAUST used throughout this work. A brief introduction to the electrical

and optical characterization of optoelectronic devices is also given.

Chapter 4 is related to the detailed optical and structural characterization of In-

GaN/GaN quantum-disks in nanowires grown on Si(111) substrate. Here, we observe

a unique excitonic behavior within the InGaN quantum disks. By using CL-STEM
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and low-temperature PL, we established a link between the microscopic nanowire

features and macroscopic luminescence properties of the nanowires.

In chapter 5, we attempted to grow InGaN/GaN nanowires-LED on amorphous

silica substrate using a thin layer of titanium as a transparent and conductive nu-

cleation layer. Structural and optical characterization results indicate good material

quality. We fabricated a yellow nanowire-LED device and shows a practical applica-

tion by performing a white-light generation using a combination of laser diodes and

the yellow nanowire-LED.

In chapter 6, we utilized tin-doped indium oxide (ITO) as a nucleation layer. The

effect of growth condition on the electrical and structural properties of the ITO layer

is discussed. The nanowires grown on ITO exhibits single crystallinity and mixed

growth orientation. We find that the orientation of the nanowires depends on the

underlying ITO grain. Optical characterization indicates a low amount of defect,

while electrical characterization shows Schottky contact between n-GaN and ITO.

In chapter 7, we employed Ti3C2 MXene, an emerging family of 2D material as

the nucleation layer for GaN nanowires. Because of the small mismatch in lattice

parameters, the GaN nanowire shows an epitaxial relationship with the MXene layer,

indicated by an identical in-plane orientation of nanowires grown on the same MX-

ene nanoflake. The nanowires exhibit good transparency, and nanoscale electrical

measurement shows Schottky contact behavior.

Finally, in the last chapter, we give a summary of the results and discussions from

our work. Possible future works based on the research outlined in this thesis is also

discussed.
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Chapter 2

Literature Review

2.1 III-nitride Material System

The III-nitride material system has gained enormous success in the late 19th century

because of its wide range of applications. The material has a wide range of use, from

optoelectronics high electron mobility transistors (HEMT), leading to improvements

in the field of semiconductor lighting and high power microwave technology. High tech

industries in the field of information, transportation, and energy become the driving

force of further development in III-nitrides, with current research direction heading

towards high power, low energy consumption, ultrafast response, and integration.

The material system consists of three direct bandgap InN, GaN, and AlN materials

along with their alloys [29]. By varying the ternary and even quaternary composition,

it is possible to cover a bandgap from the range of 6.2 eV (200 nm) to 0.7 eV (1900 nm)

[30], shown in Figure 2.1. This wide tunability made it possible to use the material

system to fabricate optoelectronic devices based on III-nitride working from the UV-

visible-NIR range. Also, the low intrinsic carrier density and low leakage current of

III-nitride material at wide-bandgap makes them attractive for photodetectors.

Unlike conventional semiconductor materials at the time such as silicon or gallium

arsenide, the thermodynamically stable form of III-Nitride materials at room tem-

perature is the hexagonal wurtzite structure, shown in Figure 2.2. In (0001) plane,

the edge length parameter a is distinct from the one along [0001] direction, the prism

height c, indicating that the nitride crystals are anisotropic. The crystal itself is
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Figure 2.1: Diagram showing lattice constant and band gap for various material
systems. The III-nitride material system has a wide bandgap tunability from 0.7 eV
to 6.2 eV depending on the alloy composition [31]. (From Krames, M. R. et al. J.
Disp. Technol. 2007, 3 (2), 160175. With permission from IEEE.)

asymmetrical along the c-axis, which is referred to as the polarity of the layer. The

polarity is defined as the direction of the III-N bond with respect to the c-axis.

2.1.1 III-nitride growth susbtrate

Initial studies of GaN was hindered due to the absence of native substrates. Due

to the growth condition, the substrates need to be stable at high temperatures while

also be able to withstand the corrosive environment caused by the nitrogen-containing

radicals. Out of the substrate options available, surprisingly the first candela-class

blue LED was grown on sapphire. However, sapphire was eventually chosen to be

the most commonly used growth substrate for GaN because it just works. Initially,

sapphire seems unlikely to be a good candidate due to a significant lattice mismatch

(14.8% with GaN and 25.4% with InN) and thermal mismatch issues. This makes it

difficult to grow high-quality epitaxial layers.

This issue would then be overcome by the introduction of a low-temperature

AlN buffer layer as the nucleation layer [33, 34], followed by the development of

low-temperature GaN buffer layer. Eventually, development continues with better

epitaxial film quality, development of p-GaN [35, 36], InGaN quantum well growth

[37], and eventually high-efficiency light-emitting devices.
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Figure 2.2: Schematic of a wurtzite metal nitride structure with M representing the
metal atom and N the nitrogen atom. The lattice constants are a in the basal plane
and c in the basal direction. α and β are the bond angles, while b1, b2, and b3 represent
the three types of second nearest neighbor distances[32]. (From Handbook of GaN
Semiconductor Materials and Devices; Bi, W., et al. With permission from Taylor
and Francis online.)
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Figure 2.3: Atomic arrangement of the AlN/Si interface. [38]. (From Liu, R. et al.
Appl. Phys. Lett. 2003, 83 (5), 860862. With permission from AIP publishing.)

Apart from the growth on sapphire, growth on silicon is desirable of the integration

of optoelectronics and silicon-based devices. Initially, silicon (111) substrates are used

to match the crystal symmetry of wurtzite (0001) structure. An AlN buffer layer

is deposited on top of silicon to promote subsequent 2D growth. Due to the lattice

mismatch, misfit dislocations can be seen at the interface between Si and AlN as shown

in Figure 2.3. To eliminate threading dislocations, another low-temperature AlN

layer and subsequent silicon delta doping are introduced to terminate the threading

dislocations into loops.

2.1.2 Polarization properties of GaN

GaN-based materials with a wurtzite crystal structure are pyroelectric, meaning that

it has a spontaneous internal polarization with the direction of polarization parallel to

the direction along the c-axis. The spontaneous polarization (Psp) and piezoelectric

polarization (Ppe) inside the material gives rise to the polarization charge. The

polarization is presented as a sum:

P = PSP + PPE (2.1)

In GaN, the growth direction along the 0001 direction consists of bilayers with

two closely spaced hexagonal layers one formed by cations and another formed by
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Figure 2.4: (a) Schematic showing a [0001] Ga-polar GaN and (b) polarization charge
at the interface between AlGaN and GaN heterostructure [32]. (From Handbook of
GaN Semiconductor Materials and Devices; Bi, W., et al. With permission from
Taylor and Francis online.)

anions which results in either Ga- or N- polar faces.

The polarization for ternary alloy ABN can be expressed as

PABN = Ppz
ABN + PSP

ABN (2.2)

As the polarization can change abruptly at the interfaces of GaN/AxB1–xN het-

erostructure, a fixed polarization charge σ may exist at the interface forming a 2D

electron gas or 2D hole gas. This is illustrated in Figure 2.4

σABN/GaN = PGaN −PABN =
(
Ppz

GaN + PSP
GaN

)
−
(
Ppz

ABN + PSP
ABN

)
(2.3)

Another effect resulting from polarization is the quantum confined Stark effect

(QCSE) in the active region of optoelectronic structures. Due to the polarization

charge, a strong electric field in the range of MV/CM [39, 40] can be induced. Due to

this electric field, electron and hole separation occurs, reducing the radiative recombi-

nation rate and internal quantum efficiency. Depending on the thickness of the quan-

tum well, the radiative recombination lifetime can change dramatically[41, 42, 43].

The QCSE also incurs Stokes shift and reduced exciton binding energy. Above certain

quantum well thickness, the built-in electric field overcomes the quantum confinement
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Figure 2.5: (Left) Cross section TEM of a blue LED from Nichia. (Right) Diagram
of columnar microstructures misorientation resulting in threading dislocations by (a)
tilt and (b) twist [44]. (From Lester, S. D. et al. Appl. Phys. Lett. 1995, 66 (10),
12491251. With permission from AIP publishing.)

effects, leading to Coulomb screening and reduction of the electron-hole wavefunction

overlap.

2.1.3 Threading dislocation in GaN

In planar GaN layers, threading dislocation is an issue resulting from competition

of small crystallites forming at the buffer layer. Crystallites with a c-plane direc-

tion parallel to the substrate normal will grow preferentially. However, there will be

some misorientation with neighboring crystallites, which results in columnar struc-

tures. Typically, the number of dislocation density is around 108 to 1010 cm−1 [44].

Threading dislocation assists in accommodating epitaxial growth of material with

lattice and thermally mismatch substrate, and are present in GaN as screw, edge,

and mixed dislocation types [45]. These dislocations are not desirable as they result

in nonradiative recombination centers by trapping majority carriers at deep levels.
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2.2 Molecular Beam Epitaxy

The MBE is a method for epitaxial growth of single-crystal materials. It was invented

by J.R. Arthur and Alfred Y. Cho in the 1960s at the Bell Telephone Laboratory [46].

During the epitaxial growth, the process takes place under ultra high vacuum (UHV)

conditions on a heated substrate. Growth occurs through the interaction of adsorbed

species from the molecular beams.

Compared to competing technologies such as metal organic chemical vapor deposi-

tion (MOCVD), MBE has several advantages. First is the reduced thermodynamical

effect during material growth due to the relatively lower growth temperature. The

second is the absence of boundary layers due to the long mean free path (MFP) of

the molecular beams under UHV. This means that the molecules do not interact with

each other until they are adsorbed on the substrate surface, resulting in the possibility

of creating structures where material composition and doping profile can be modu-

lated in an abrupt or continuous way. The capability to fine-tune the growth profile

enables the growth of new epitaxial structures, quantum structures, and new innova-

tive devices. Also, UHV condition minimizes the presence of impurities, resulting in

higher material purity [47].

MBE chambers are typically constructed out of stainless steel bolted together

with conflat flanges. They are then pumped using a combination of cryopump and

ion pump to reach a background pressure of ˜10−10 Torr (after overnight baking).

Typically, the beam originates from evaporation or sublimation of materials con-

tained in an ultra-pure crucible, with shutters placed in front of the cells to interrupt

the beam. In case of III-Nitride material growth using plasma-assisted molecular

beam epitaxy (PAMBE), active nitrogen species is supplied through breaking ultra-

pure nitrogen gas using an radio frequency (RF) plasma source. The substrates are

heated through radiation and rotated during growth to eliminates nonuniformity due

to the off-axis arrangement of the cells. The wall of the MBE growth chamber is usu-
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Figure 2.6: Schematic of a general MBE structure. The substrate is placed inside
the substrate heater located within the growth chamber while the source materials
are placed inside effusion cells. Control of material deposition is achieved by opening
and closing the corresponding shutters. In-situ measurement during growth can be
done using RHEED and quadrupole mass specrometer [32]. (From Handbook of GaN
Semiconductor Materials and Devices; Bi, W., et al. With permission from Taylor
and Francis online).

ally cooled down using liquid nitrogen in order to remove heat and to trap impurities.

The schematic of a general MBE system is shown in Figure 2.6.

In Photonics Laboratory, we are using a Veeco Gen930 MBE reactor. The system

is separated into three parts; the load-lock chamber, the preparation chamber, and the

growth chamber. The modular design is meant to prevent the growth chamber from

getting contaminated by impurities from the environment. This arrangement also

ensures that the source materials do not get oxidized due to the presence of oxygen.

To transfer the sample within the separate growth chambers, we are using a magnetic

trolley system with 16 available slots to place the sample holders. In the load lock, the

loaded substrates are baked up to 200 ◦C to remove any moisture which might come

from contact with outside air. In the preparation chamber, substrate cleaning is done

via heat treatment, before substrate transfer into the growth chamber. Additional

oxide removal can be done within the growth chamber by heating the sample to
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Figure 2.7: RHEED pattern obtained from thick GaN grown under (a) N-rich and
(b) Ga-rich regime [48]. (From Tarnawska, L. et al. J. Appl. Phys. 2012, 111 (7),
26. With permission from AIP publishing)

˜900 ◦C.

During growth, in-situ analysis is performed using RHEED. The RHEED is a

technique in which the epi-surface of the sample is characterized using a high energy

electron beam at certain grazing incident angle. As only the first few atomic lay-

ers from the surface diffract the electron beam, the technique is suitable for in-situ

analysis of sample during growth. The RHEED can provide information about the

number of monolayers grown based on the oscillation of the RHEED intensity. It

is also useful for providing information about the current growth regime as shown

in Figure 2.7, where an N-rich regime will result in a spotty pattern, and a Ga-rich

regime will result in a streak pattern.

2.3 Overview of III-nitride Nanowire Growth

Much progress has been done regarding the growth and characterization of III-nitrides

nanowires, which includes InN, GaN, AlN, and their alloys. Their large surface to

volume ratio gives advantages such as the elimination of threading dislocations [49]

and effective strain relaxation [50]. Several studies of nanowires grown on silicon

have even indicated that the presence of thin amorphous silicon nitride layer at the

nanowire’s base suggest no epitaxial relationship with the underlying substrate is

required [51, 52]. This gives the nanowires-based platform more flexibility when
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choosing the growth substrate. These traits enables the III-nitride nanowires to grow

on various lattice-mismatched and even amorphous substrates such as silicon, silica

[53, 54, 55, 56, 50], and metal [57, 58, 59, 60, 61, 62].

For planar III-nitride layers, the epitaxy of In-rich InGaN alloys is challenging due

to the lattice mismatch between GaN and InN (11%), phase separation of In within

InGaN alloys, and the high growth temperature in MOCVD process. On the other

hand, spontaneously grown III-nitride nanowires help to overcome these limitations.

By using RF plasma source to supply active nitrogen species, the growth can be

performed at a lower temperature to help promote indium incorporation. Due to the

strain relaxation effect, the piezoelectric field within the quantum disk is reduced,

resulting in an increased electron-hole overlap. Several works have taken advantage

of this feature by fabricating multi-color LED [63, 64, 61, 65], infrared device, and

phosphor-free white LED [66, 67, 68].

The dopant activation energy of substitutional Mg has also been reported to be

significantly lower in the surface region compared to the bulk region, leading to more

effective p-type doping compared to planar layers [69]. Beyond basic research, the

possibility of forming device structures using the III-nitride nanowire platform has

lead to the application of the nanowires platform as a laser diode [17, 18], LED,

photodetectors, piezotronic sensors [22, 24], and water splitting electrodes [70, 71, 72,

73].

2.3.1 Growth Mechanism of Catalyst-free MBE-grown III-

nitride Nanowires

There have been numerous report regarding the growth of III-nitride nanowires through

spontaneous formation under nitrogen-rich condition. This process is driven by the

difference of various chemical properties such as sticking coefficient and chemical po-

tential between the GaN surfaces. The model for spontaneously grown III-nitride
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nanowires using MBE is proposed by Ristic et al. and Bertness et al. [74, 75]. To

observe the origin of 3D nanowire structure growth, we can take the growth mecha-

nism of quantum dots into account. Typically, quantum dot growth is triggered using

strain relief after the growth of a wetting layer. On the other hand, the growth of

III-Nitride nanowires follows the Volmer-Weber growth mechanism, where no wetting

layer is observed at the nanowire base.

To illustrate the growth mechanism for III-Nitride nanowires, the case of GaN

nanowire growth on Si(111) substrate is considered. Growth begins with the nucle-

ation of droplets, where Ga and N atoms come together until they reach a specific

critical size. The critical size is dependent upon the ratio of III/V elements and sub-

strate temperature. For droplets below a critical size, they will either get desorbed

or assimilated into larger droplets. The droplets are considered to be stable once

the average distance between droplets is twice the diffusion length of Ga molecules.

The nitrogen-rich condition prevents the diffusion of Ga adatom on the Si surface by

introducing an energy barrier. After reaching stable condition, the droplets will grow

vertically into nanowires by incorporating impinging adatoms. As not all droplets

reach their critical size simultaneously, a certain distribution of nanowire’s length is

expected.

There are two main mechanisms for impinging adatoms to get incorporated into

the nanowire. The first is by directly getting incorporated into the nanowire’s apex.

The second is by either impinging into the substrate or nanowire’s sidewalls and

reaching the nanowire’s apex through surface diffusion, as shown in Figure 2.8.

The morphology of the nanowires can be controlled by adjusting the substrate

temperature and impinging Ga flux during growth. In general, higher temperature

results in a longer diffusion length of adatoms, resulting in larger Ga nanowire di-

ameter. On the other hand, lower temperature results in nanowires with a smaller

diameter. The Ga flux determines the density of the nanowires, as higher flux leads
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Figure 2.8: Growth process of spontaneously-grown III-nitride nanowires using MBE.
Part of the impinging adatoms are directly incorporated atop the nanowires, while
other parts impinge on the substrate surface or the nanowire sidewalls and move to
the nanowire top through diffusion [74]. (From Tarnawska, L. et al. J. Appl. Phys.
2012, 111 (7), 26. With permission from Elsevier.)
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Figure 2.9: Growth diagram indicating the growth regime of nanowires on silicon as a
function of Ga flux and susbtrate temperature during growth [76]. (From Fernndez-
Garrido, S. et al. J. Appl. Phys. 2009, 106 (12), 20072010. With permission from
AIP publishing.)

to more adatoms, resulting in a higher probability of Ga nucleation on the surface of

the substrate. If the growth condition is set too low, the highly-dense nanowires will

coalesce and form a compact planar layer. On the other hand, if the temperature is

too high, the high desorption rate will prevent the nanowires from nucleating on the

substrate [76]. This is illustrated in the growth regime diagram shown in Figure 2.9.

The growth process of GaN nanowires on Si(111) substrate can be evaluated by

observing the evolution of RHEED patterns, as shown in Figure 2.10. Once the

incubation time is complete and nuclei stabilize, the RHEED intensity will start

increasing [77].

2.3.2 Effect of Substrate Crystallinity on Spontaneously Grown

GaN Nanowires

Spontaneously grown GaN nanowires typically show a broad statistical distribution

of diameter and length. Therefore, it is challenging to precisely control the peak

emission wavelength of the nanowires as it depends not only on the composition of
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Figure 2.10: Three RHEED patterns collected (a) from a Si(111) substrate showing
7x7 reconstruction prior to GaN growth, (b) after nitrogen shutter is opened from
nitridation process, (c) once GaN islands have nucleated [77]. (From Consonni, V. et
al. Appl. Phys. Lett. 2011, 99 (3), 97100. With permission from AIP publishing.)

the ternary quantum disks compound in the active region, but also on the diameter,

thickness, and overall shape of the quantum disks. Also, the statistical variation of the

nanowires morphology usually results in a broad emission spectrum when compared

to planar devices.

The morphological characteristics of the nanowires depend on the underlying

nucleation layer. Depending on the grain size and orientation, large variations of

nanowire densities and growth axis orientation can be observed. Nanowires typically

show good intragrain uniformity, but poor intergrain uniformity, making substrate

microstructure critical for control of nanowire morphology [78].

Figure 2.11 shows different catalyst-free nanowire growth configuration depending

on the relative size of the nucleation layer grain compared to the nanowire diame-

ter. If the size of the grain is much larger relative to the diameter of the nanowires

[Figure 2.11 (a)], then the nanowires will exhibit preferential growth orientation ac-

cording to the grain orientation of the nucleation layer [79]. For grain size smaller

than the diameter of the nanowires [Figure 2.11 (b)], the nanowires will grow along
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Figure 2.11: Schematic of III-nitride nanowires grown on (a) polycrystalline material
with grains much larger than nanowires diameter, (b) grain smaller than the nanowires
diameter, and (c) amorphous substrates [78]. (From Consonni, V. et al. Appl. Phys.
Lett. 2011, 99 (3), 97100. With permission from AIP publishing.)

the c-axis direction due to the low c-plane surface energy [61]. For amorphous layers

[Figure 2.11 (c)], the microstructures will disappear and uniform nanowire growth

will be restored [54].

2.3.3 Limitations in III-nitride Nanowires System

Despite their advantages, nanowire LEDs still suffer from low carrier injection ef-

ficiency mainly due to the presence of surface recombination [80]. Due to surface

states and defects along with the resulting nonradiative surface recombination cen-

ters, carrier lifetime in nanowire structures is in general very short [81, 82, 83]. The

surface states also induce a phenomenon called Fermi level pinning, where the Fermi

level EF is pinned at the surface. As unintentionally doped C-plane GaN exhibits an

n-type behavior with the Fermi level pinned at 0.5-0.6 V below the conduction band

minimum [84], the electronic bands are bent upwards resulting in electron depletion

at the surface. This illustrated in Figure 2.12.

This leads to research efforts to passivate the nanowires sidewalls. Some groups

addressed this issue by introducing a large bandgap shell structure to prevent non-
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Figure 2.12: Fermi level pinning schematic on GaN nanowires, depicting three dif-
ferent nanowire diameter: (a) larger, (b) equal, and (c) smaller than the critical
diameter which the entire nanowire region is depleted. The shadowed areas corre-
spond to the depletion region [85]. (From Calarco, R. et al. J. Mater. Res. 2011, 26
(17), 21572168. With permission from Cambridge University Press.)
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radiative recombination on the surface[86, 87, 88, 89]. Other groups have tried to

suppress the surface recombination through the removal of surface oxide followed by

chemical passivation using various chemical compounds [90, 91, 92, 93].

Another issue with nanowires-based structure is the limited phonon transport

capability, leading to junction heating, reduced IQE, and short device lifetime. This

leads to efforts to grow nanowires on a thermally conducting substrate [57], and the

optimization of the nanowire nucleation layer to achieve better thermal performance

[94, 95].

2.3.4 Process Parameters for MBE-grown III-nitride Nanowires

As we are growing spontaneously grown III-nitride nanowires on different unconven-

tional substrates along with different types nucleation layers, care must be taken to

ensure that the nanowires grow with a good morphology for each nucleation layer. In

general, two main parameters are vital for a good nanowire base morphology, namely

the amount of group III metal flux impinging on the substrate, and the substrate

growth temperature. As discussed in the introduction chapter, if the parameters

are not adjusted properly, either a compact layer or no material growth might be

observed. This is illustrated in Figure 2.13

In addition to the conventional single-step growth method, a two-step growth

method for nanowires can be used [96]. This method separates the initial nanowire

nucleation step with the vertical growth step. For the initial nanowire nuclei seeding

step, the lower substrate temperature is used to promote the formation of GaN nuclei.

After the desired GaN nuclei density is achieved, the growth temperature is increased

to prevent further formation of the nucleus while promoting vertical growth. This

method can provide good control of nanowire morphology.

For InGaN quantum disk growth, the substrate temperature is typically lowered to

promote indium incorporation into the InGaN alloy. Tuning the emission wavelength
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Figure 2.13: Plan-view SEM images of GaN nanowire sample grown under different
condition [76]. (From Fernndez-Garrido, S. et al. J. Appl. Phys. 2009, 106 (12),
20072010. With permission from AIP publishing).
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of nanowires can be complex, as the emission wavelength is not only a function of

alloy composition but also the nanowire diameter and InGaN quantum disk shape

[97].

For p-contact growth, the temperature and Ga flux amount are lower compared to

n-GaN growth to help incorporate Mg. Care must be taken as Mg incorporation might

result in lower crystal quality. In some cases, if the growth temperature is low enough,

the p-contact layer may coalesce and form a planar layer on top of the nanowires.

The coalescence will result in grain boundaries, although for some applications this

might be desirable as it eliminates the need for nanowire planarization using dielectric

filling [98].

2.4 Transparent Conductive Electrode as a Nanowires Nu-

cleation Layer

Commercially available III-nitride-based devices are mostly reliant on sapphire as the

growth substrate, as they can accommodate the growth of GaN with acceptable ma-

terial quality. However, the challenge in producing large-diameter sapphire substrate

while maintaining an acceptable surface quality of the substrate remains an obstacle

in scaling up production [6, 5].

A viable alternative to sapphire as a III-nitride growth substrate would be by

using a silica-based substrate, as they are transparent, less expensive and widely

used in industry and consumer applications. III-nitride nanowire structures are suit-

able for growth on silica as they can bypass the need for lattice matching and grow

on amorphous layers. However, as silica-based substrates are inherently insulating,

non-transparent conducting layer must be used to enable electrical conductivity for

nanowires-based devices [8, 99]. Therefore, a suitable transparent conductive elec-

trode (TCE) must be deposited before material growth in order to ensure device

transparency.
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Currently, TCEs have attained widespread use and are becoming an important

optoelectronics component within the field of display, energy, and consumer elec-

tronics. The crucial requirement for TCEs is simultaneous high conductivity and

transparency. For widespread use, the materials should also be colorless, cheap, and

preferably non-toxic.

For a material to be highly conductive, it should either have a high mobility µ or

sufficiently high carrier concentration n or p [100], giving

σ = enµn,p (2.4)

with e as the elementary charge. The carrier concentration itself is limited by

absorption of light by free electrons. The carrier electrons will form a plasmon, with

the plasma frequency as

ωp
√
arg (2.5)

where m∗ is the effective carrier mass and ε is the material permittivity.

From the two equations, TCE can be classified into three different based on their

carrier concentration and plasma wavelength: metals with very high carrier concen-

tration, medium mobilities, and plasma wavelengths in the deep ultraviolet; oxides

with high carrier concentration, high mobilities, and plasma wavelength in the in-

frared; and carbon-based materials with relatively low carrier concentrations, low

mobilities, and plasma wavelength in the mid-infrared.

Currently, the most widely used TCE is in the form of a transparent conductive

oxide (TCO). From the different TCO materials available, only doped tin oxide and

doped zinc oxide have gained widespread use. This is due to the wide bandgap of

the materials (>3 eV) allowing application in the visible wavelength and parts of the

ultraviolet [101, 102], and the low resistivities in the order of 10−3 Ω cm or lower.

Currently, ITO is the commercial TCO material with the lowest resistivity in the
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order of 10−4 Ω cm, and the most widely used [101].

As stated previously, in order to achieve low resistivity, the carrier concentration

and electron mobility need to be as high as possible. TCOs are degenerately doped

with electron concentrations up to 1.5 × 1021 cm−3. The carrier concentration is

limited by the dopant solubility of the TCO, whereas carrier mobilities are limited

by the scattering process. In the case of TCOs, the high doping concentration result

in scattering due to ionized impurities. At high carrier concentrations above 5× 1020

cm−3, the mobility will become even lower due to the formation of dopant clusters

with high charge Z [103]. For polycrystalline films, crystallographic defects such as

point defects, dislocations, and grain boundaries will result in additional scattering.

Therefore, optimization in deposition methods, annealing techniques, and dopant

types become important in order to minimize crystallographic defects. By suppressing

the number of crystallographic defects, it is possible to approach the ionized impurity

mobility limit of the material.

Due to its advantages, ITO is a good choice as a GaN nucleation layer. The

current conventional technique used to manufacture GaN, however, is not compati-

ble with ITO. The high temperature needed to break down the precursors employed

in metal-organic chemical vapor deposition (MOCVD) growth leads to the degra-

dation of the ITO layer. Thus, a low-temperature GaN growth method capable of

producing high-quality material is required. Previous attempts to grow GaN on ITO

at low-temperature using sputtering and plasma-enhanced chemical vapor deposition

(PECVD) have been performed [104, 105, 106, 107, 108, 7, 109]. However, low-

temperature growth methods typically lead to polycrystalline material and a large

number of defects.

By using the III-nitride nanowire platform for growing GaN on polycrystalline

ITO, we were able to solve this issue and grow high-quality GaN nanowires on top of

ITO.
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2.5 MXene as a Transparent and Conductive Nucleation Layer

Despite the capability of III-nitride nanowires to grow on highly dissimilar substrates,

the high growth temperature that typically accompanies the growth of III-nitride

nanowires limits the type of substrate suitable for their growth. The III-nitride

nanowires devices are also limited by the less desirable traits of the growth sub-

strate, such as rigidity, low thermal and electrical conductivity, cost, size, and other

considerations.

One possible method of solving the substrate limitation is by using 2D material

as the nucleation layer. By utilizing 2D material as a nucleation layer, the material

growth is effectively decoupled from the properties of the underlying substrate. The

concept of growing III-nitride thin film and nanostructures on 2D materials such

as graphene [110, 111, 112, 113, 53, 114], hexagonal boron nitride [115, 116], and

MoS2 [117, 118] has been demonstrated previously. Although it is still debatable, the

epitaxial relationship between III-nitride layer and the 2D material nucleation layer

is generally assumed to be based on the Van Der Waals epitaxy mechanism, allowing

high-quality material growth despite the lattice mismatch between the 2D material

nucleation layer and III-nitride layer. Another advantage of using 2D material as

the nucleation layer is the possibility of facile transfer from one substrate to another.

This opens up the possibility of fabricating devices on top of substrates with more

favorable characteristics.

Currently, graphene is the most studied 2D material as a possible transparent

electrode. However, the production of thin-film graphene is limited by the cost and

size limitation in the direct chemical vapor deposition (CVD) synthesis process. Al-

though another deposition method using spray-coating, spin-coating, and dip-coating

of reduced graphene oxide (GO) has been developed [119, 120], this method results

in high sheet resistance (1− 1000kΩsq−1). The reason behind the sheet resistance is

due to high inter-flake resistance and defects [121]. Thus, the application of graphene
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for large-scale application is limited by these factors.

MXenes are a recently discovered large family of 2D early transition metal carbides

and carbonitrides [122]. These materials are produced by etching the A element from

the MAX phases, which are layered solids connected with strong metallic, ionic, and

covalent bond. Currently, more than 60 different pure MAX phases are known.

Because the n values for the existing Mn+1AXn phases can vary from 1 to 3, the cor-

responding single MXene sheets consist of 3, 5 or 7 atomic layers for M2X, M3X2 and

M4X3, respectively. MXene has several advantages, including high flexibility, metallic

conductivity hydrophilicity, and the capability to act as intercalation hosts [123, 124].

After delamination inside a colloidal solution, the MXene solution consists of MXene

nanoflakes with lateral size of up to several micrometers [125]. The solution is stable

due to the negative charge within the MXene nanosheets [126, 127]. In the case of

Ti3C2 MXene, the nanoflakes have surface functional groups similar to graphene ox-

ides with higher electrical conductivity. MXene films with high conductivity values

of 9880 Scm−1 have been demonstrated [128].

Several previous works have shown that MXene has the potential as a transparent

conductive electrode. MXene films prepared through etching of sputtered Ti3AlC2

exhibits a transmittance value of 68% Rs value of 2.3 kΩsq−1 for 17 nm-thick film

[129]. Another work shows the possibility of spin casting Ti3C2Tx for a transparent

film with conductivity exceeding 6500 Scm−1 [130]. The potential for large scale

transparent and conductive MXene film has been demonstrated through the spray

coating of delaminated Ti3C2 nanoflakes, where the transparency can be adjusted from

40% to 90%, while the sheet resistance range from 0.5 to 8 kΩsq−1 [131]. Furthermore,

Ti3C2 MXene has a close a lattice parameter match with GaN; 3.07 �A and 3.18 �A for

Ti3C2 MXene and GaN respectively, corresponding to ∼ 3.4% lattice mismatch.

Despite its advantages, there is still room available to improve MXene character-

istics. Currently, the shelf life of MXene colloidal solution is still lower than GO.
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Figure 2.14: Schematic of Ti3C2Tx film preparation by spray coating[131]. (From
Hantanasirisakul, K. et al. Adv. Electron. Mater. 2016, 2 (6), 1600050. With
permission from Wiley publishing).

Furthermore, as GO is already commercialized, its overall production cost is lower

than MXene. As MXene production reach commercialization, the production cost is

expected to go down, enabling scalability. The charge carrier mobility in Ti3C2Tx

MXene is quite low, around 0.9 cm2 V−1 s−1 [132]. In order to increase the charge car-

rier mobility, chemical doping is necessary. However, currently, no known chemical

doping scheme is available for MXene.
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Chapter 3

III-nitride Nanowire Material and Device Characterization

Methods

In this chapter, we review the principles of the characterization methods for III-nitride

nanowire materials and devices used in this work.

3.1 Photoluminescence

PL is a spontaneous emission of light from a solid where electrons which are in

excited state after absorbing photons relax to the ground state through radiative

recombination. The emission energy and intensity are affected by various factors,

such as energy-band structure, carrier thermal distributions, impurity states, defect

states, etc. Therefore, PL spectrum gives detailed information about the materials.

The simplest use of PL is to measure the fundamental band gap of III-nitrides and

its alloys. In addition, the PL can also be used to probe optical signatures related to

impurities and defects within the material itself.

For optoelectronic device applications, PL is one of the most basic yet important

material characterization technique. For light emitter application e.g. LED and

lasers, photoluminescence is a good indicator for the fabricated device’s emission

wavelength. For photoelectrochemical water splitting, a quick PL measurement would

give a good feedback whether the nanowires would be able to absorb the light spectra

to generate minority carriers.

One example of PL spectra measurement setup is shown in Figure 3.1. Typically,
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Figure 3.1: An example of PL measurement setup

samples are excited using laser, and the emitted light is collected by using a convex

lens focused onto a fiber optic cable connected to the spectrometer entrance slit. By

using a detector, the intensities at each wavelength are measured, giving a complete

sepctra of the sample’s photoluminescence emission.

In addition to the standard room-temperature PL measurement, in our work we

also utilize power-dependent PL and temperature-dependent PL. The power depen-

dent PL measurement is used to see how the photoexcited carrier rearrange them-

selves inside the sample’s recombination centers under different excitation power den-

sity. The temperature-dependent PL is used to see carrier behavior under different

measurement temperature, and gives information on carrier localization. For device

applications, low-temperature PL is especially important, as typically the IQE of the

material is defined as the ratio between PL integrated intensity at 10 K and at room

temperature, assuming all nonradiative recombination centers are frozen at 10 K.

In our work, we utilize two different PL setups. One is a Horiba Aramis system

located in KAUST core lab equipped with a liquid nitrogen cryostat cell (Linkam,

THMS 6000) and excitation laser lines of 325 nm and 473 nm. Another one is a

custom setup in KAUST’s photonics lab, equipped with a helium backed cryostat

(Janis) capable of cooling the sample up to 10 K, with a 266 nm and 405 nm laser

excitation. Depending on the sample characteristics and desired spectral range, the
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two system can be used interchangeably.

3.2 Cathodoluminescence

If PL gives the ensemble luminescence characteristics of a large number of nanowires,

then cathodoluminescence (CL) is a method to investigate the luminescence properties

of individual nanowires, and in the case of CL-STEM, down to the microstructures

within the wires.

CL is a phenomena where photon is produced when electrons impact a material.

It is similar to PL, where the photon is produced through spontaneous radiative re-

combination of electrons, the main difference being high energy electron beam is used

as the excitation source instead of photons. CL is performed inside an electron micro-

scope equipped with CL detector. By moving the electron beam across the sample,

the microscopic optical features of the sample can be mapped. The main advantage

of CL over PL is its high spatial resolution, making it possible to correlate the optical

properties of a sample and its structural characteristics. It is particularly useful for

studying the band gaps and impurities of low-dimensional systems such as quantum

dot and quantum disks embedded inside nanowires [133, 134, 135]. Another impor-

tant use of CL is to study the presence of nonradiative recombination centers such as

stacking faults and threading dislocation, where these areas will appear as dark spots

in the CL mapping. Figure 3.2 shows an example of CL specstroscopy to determine

the position of peak emission wavelength within an AlN/GaN nanowire. As the en-

ergy of the electron beam is much higher compared to commonly available lasers, CL

can be used to characterize wide band gap materials such as Al rich structures.

In our work, the CL-STEM was performed in collaboration with Gatan at Exper-

imental Technique Centre of Brunel University London. High-resolution high angle

annular dark field (HAADF) STEM images and the cathodoluminescence signal were

recorded simultaneously using a Gatan HAADF detector. Cathodoluminescence mea-
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Figure 3.2: Spectral imaging of a GaN/AlN nanowire. (a) HAADF image of the
nanowire. (b) HAADF image of the nanowire acquired simultaneously with the CL
spectrum image. (c) Wavelength position of the most intense peak [136]. From L.F.
Zagonel et al., Nano Lett. 11, 568 (2011). With permission from American Chemical
Society.

surements were performed in a JEOL 2100F TEM operating at 80 kV in STEM mode

using a Gatan Vulcan�system. The electron probe size was on the order of 0.5 nm;

the spectral resolution was 10 nm for CL spectrum images and ¡2 nm for the high-

resolution point acquisition; the samples were cooled to 100 K by liquid nitrogen

unless otherwise stated.

3.3 Raman spectroscopy

Raman spectroscopy is an optical characterization technique useful for studying vari-

ous properties of solids, such as lattice, electronic, and magnetic properties [137]. The

technique relies on inelastic scattering of monochromatic light through interactions

with various excitations in solids such as phonons and plasmons resulting in a shift

in laser photon energy. The shift in energy gives information about the vibrational

modes within the material. It has several advantages such as being a contactless, non-

destructive technique that doesn’t require any special sample preparation with lateral

resolution down to submicron size. For GaN-based materials, Raman spectroscopy
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has been used to study strain [138], surface states [139], dopant incorporation [140],

junction heating [57], and alloy compositions [141]. In KAUST, two Raman systems

are available; the Horiba Aramis and the Horiba LabRam HR in KAUST core labs.

The typical phonon frequencies for III-nitride film observed at 300 K is given in

Table 3.1, with the optical phonon configuration depicted in Figure 3.3.

Table 3.1: Typical phonon frequencies and symmetries observed by Raman scattering.
[142]

Frequency

GaN nanowire GaN bulk Symmetry

311-316 317 A1: acoustic overtone
410 410 A1: acoustic overtone
419 420 A1 and E1: acoustic overtone

533.1 532.6± 2.3 A1 (TO)
558 560± 3.1 E1 (TO)

566.9 566.2 Ehigh
2

703.1 - SO: surface optical mode
739.4 735 A1 (LO)

3.4 Scanning Electron Microscopy (SEM)

In our work, SEM is a useful technique that does not require special sample prepa-

ration, and for the most part is nondestructive. The SEM is a popular method to

analyze the growth stage of III-nitride epitaxy, giving information on nucleation,

island growth, critical thickness, etc. For analyzing nanowire morphology, it can pro-

vide parameters such as the nanowire density, diameter, length, and fill factor. For

the statistical analysis of an SEM image, we use a free software called ImageJ.

scanning electron microscope (SEM) is used to obtain the information about the

sample surface by focusing high energy electron beam on the sample and collecting

the information at each point. The signal produced by the SEM beam includes

secondary electron, light, back-scattered electrons, characteristic X-rays, and so on.

SEM imaging typically uses secondary electron for surface imaging which gives very
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Figure 3.3: Optical phonon modes in the wurtzite structure [137]. (From H. Harima,
J. Phys. Condens. Matter 14, R967 (2002) with permissions from IOP publishing.
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high resolution, up to 1 nm. Typically, the morphology, density, and fill factor of the

nanowires can be collected by using the secondary electron image.

The back-scattered electrons are reflected from the sample by elastic scattering,

and provides information about the different elements inside the sample. Electron

back-scattering diffraction (EBSD) can be used to show the crystalline orientation

and phase for microdomains within the material. For an array of GaN nanostructures,

the EBSD can be used to give a statistical distribution of the crystal orientation [143].

In KAUST, the SEM systems used in this work are Nova Nano, Quanta 600,

Quanta 3D, and Helios model from FEI and Merlin model from Zeiss.

3.5 Transmission Electron Microscopy (TEM)

The transmission electron microscopy (TEM) works by transmitting high energy elec-

tron through the specimen and recording the image formed through the interaction

between the electrons and the material. The highest resolution of TEM achieved

is 0.5 �A. For III-nitride materials, typically the TEM is taken from cross-sectional

specimen with the direction of the incident beam parallel to the [11-20] zone axes.

The TEM is a powerful tool that can be used to study atomic layer arrangement,

strain, structural defects, dislocations, and elemental mapping.

For nanowires samples, there are two main method for TEM specimen preparation.

If only the nanowires are of interest, then the specimen can be prepared by a physical

removal of the nanowires from the substrate using a razor, followed by drop casting

a suspension of the nanowires inside a solvent into a copper TEM grid. In case the

relationship between the nanowires and the substrate is of interest, then a Focused

Ion Beam (FIB) is needed to prepare the sample. For FIB sample preparation, we

use an FEI Helios Nanolab 400s Dual Beam SEM. Carbon and Pt are deposited on

top of the nanowires before lamella preparation for support.

For a periodic crystal structure and an electron beam wavelength comparable to
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the lattice spacing, the interaction is governed by Bragg’s law:

nλ = 2dhkl sin θ (3.1)

with n an integer number, λ the electron wavelength, 2dhkl the lattice spacing, and θ

the diffraction angle.

The TEM can also be used to study the crystallinity of the material in a micro

area by selective area diffraction (SAD). Diffraction pattern is generated by placing

the back focal plane on the imaging apparatus. In case of single-crystalline material, a

pattern of dots can be observed. In case of epitaxial relation study between GaN and

the underlying layer, epitaxial relationship between the GaN film and the substrate

can also be observed by obtaining a composite diffraction pattern.

scanning transmission electron microscope (STEM) is a method in which the elec-

tron beam is focused into a single sub-nanometer spot size on the sample, and a

complete image is obtained via rastering, similar to how SEM works. A schematic of

the STEM is shown in page 53. Due to its rastering nature, the technique is suitable

for analytical techniques such as Z-contrast high-angle annular dark-field (HAADF),

and elemental mapping techniques such as Electron energy loss spectroscopy (EELS)

and Energy-dispersive X-ray spectroscopy (EDX).

3.5.1 EDX and EELS

EDX is a chemical analysis technique used inside electron microscope. The technique

is used to detect x-ray emitted from the sample when the sample is hit by an electron

beam in order to characterize the elemental composition within the sample. During

the bombardment by the electron beam, electrons are ejected from the atoms in the

sample surface, resulting in higher state electrons filling in the vacancies. During this

process, an x-ray photon unique to the sample material is emitted, giving information



53

Figure 3.4: Schematic of a STEM mode electron microscope. (From https:

//en.wikipedia.org/wiki/Scanning_transmission_electron_microscopy. Li-
censed under creative commons).

https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscopy
https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscopy
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about what kind of material is currently investigated.

EELS is a complimentary technique to EDX, where the electrons that hit a sample

loses some amount of energy due to inelastic scattering. The amount of energy loss can

be measured using an electron spectrometer and analyzed. The inelastic scattering

can occure due to phonon excitation, inter- and intra-band transition, plasmon exci-

tations, inner shell ionization, and Cherenkov radiation. The inner shell ionizations

are useful to detect the elemental composition of a material.

In general, EELS tend to work better for identifying lighter elements while EDX

is more suitable for heavier elements.

3.6 X-Ray Diffraction

X-ray diffraction (XRD) is a method to identify the crystalline quality, polarity, com-

ponent, multiple quantum wells, aloy disorder, etc. inside the material. Constructive

interference happen when X-ray beams enter a solid and the path difference between

the neighboring crystal planes is an integer number of wavelength, resulting in a

maximum intensity in the XRD spectrum. This is defined as Bragg’s law, written as

nλ = 2d sin θ (3.2)

where λ is the X-ray wavelength and d is the crystal plane spacing. 2θ is the detected

beam angle, and ω is the incident beam angle. Therefore, 2θ is twice the value of ω in

during the scan. From Equation 3.2, the crystal plane spacing can then be calculated.

The schematic for X-ray diffraction geometry is shown in Figure 3.5.

The configuration for a triple axis diffractometer is shown in 3.6. GaN nanowires

sample can be considered as a polycrystalline sample. Therefore, the most suitable

XRD tool for measurement is the powder XRD. In this tool, the 2θ range is maximized

to study all the possible diffraction peak from the sample. From Bragg’s law, all
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Figure 3.5: Schematic of X-ray diffraction geometry[144]. (From M.A. Moram et al.,
Reports Prog. Phys. 72, 036502 (2009). With permission from IOP publishing).

the diffraction peak corresponds to crystal planes that are parallel to each other,

which gives some information about the relationship of the orientation between GaN

nanowires and the underlying nucleation layer and substrate.

To study the orientation of the nanowires, an XRD pole figure can be obtained.

The information within the pole figure will give an idea about the distribution of the

crystallographic lattice planes.

In this work, powder XRD characterization was performed using a Bruker D2

Phaser, while rocking curve and pole figure measurement was performed using Bruker

D8 ultra.

3.7 Atomic Force Microscopy

atomic force microscopy (AFM) is used to obtain the topographical information of

the sample in a non-destructive way. The resolution can reach 1 nm laterally and

0.1 nm vertically. The image is obtained by measuring the force on a sharp tip

induced by the proximity of the tip and the sample surface, with the force as small as

10× 10−18N. When the tip is rastered sideways, the force will change corresponding

to the contour of the sample surface. There are only few limits to AFM this method

of imaging as it only depends on the interaction force between the probe and the

sample surface. Compared to imaging method such as SEM, this technique is not
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Figure 3.6: Schematic diagram of triple axis XRD diffractometer [32]. (From Hand-
book of GaN Semiconductor Materials and Devices; Bi, W., et al. With permission
from Taylor and Francis online.)

limited to the conductivity of the sample.

One subset of AFM that is particularly useful for characterizing the III-nitride

nanostructures is the conductive AFM (c-AFM). The method is useful to study the

electrical behavior of individual nanowires, where complex single nanowire device

fabrication is required for electrical analysis otherwise[145, 146, 147]. It is also par-

ticularly advantageous for analysing electrical inhomogeneity within the nanowires en-

semble by giving a statistical data over a large number of nanowires [90, 148, 149, 150].

The technique provide a rapid analysis for electrical characterization, enabling im-

mediate feedback on the sample properties without having to undergo a full device

fabrication cycle, making it advantageous in terms of both cost and time. Typically,

c-AFM is performed using an AFM tip with conductive coating in contact mode, with

bias voltage applied either through the tip or the sample. In KAUST, the c-AFM is

performed using an Agilent 5500 SPM system, with bias voltage ranging from -10 V to

10 V, and a bias current ranging from -10 nA to 10 nA. For our experiments, we used
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a c-AFM tip equipped with a conductive Pt/Ir-coated tip (BRUKER CONTV-PT,

spring constant = 0.2 N/m).

3.8 UV-Visible Spectroscopy

The UV-visible spectroscopy refer to absorbance or reflectance spectroscopy of a sam-

ple in some parts of the UV range and in the full range of the visible wavelength. The

absorption spectroscopy is used to measure the transition from the ground state to the

excited state. In our experiments, this method is used to measure the transmittance

of the sample, and also to determine the thickness of layered materials.

The tool used in this measurement method is called the UV/Vis spectrophotome-

ter. The spectrophotometer works by comparing the ratio between the intensity of

light passing through the sample (I) and comparing it to light before passing through

the sample (Io). The ratio of I/Io is referred as the transmittance %T , and from here

the absorbance A can be calculated as

A = − log(%T/100%) (3.3)

The basic components of a spectrophotometer includes a light source, a sample

holder, a diffraction grating in a monochrometer to separate the wavelength, and a

detector. In our experiments, we are using a double-beam instrument configuration,

where the light is split into two before it reach the sample (Figure 3.7). One beam is

used as the reference beam, and the other beam passes through the sample.

3.9 Optical and Electrical Characterization for Optoelectronic

Devices

Electroluminescence is defined as a phenomenon where a material emits light in re-

sponse of electrical current injection. electroluminescence (EL) is the result the ra-
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Figure 3.7: Schematic of a double-beam UV-visible spectrophotometer

diative recombination process of electrons and holes within the material. The excited

electrons release their energy as photons. In LED structures, the electron and holes

are initially separated from each other by doping the material with p and n doping

at different layers. Typically, the electron and holes will recombine at the device’s

active region, with the energy of the photon determined by the band-gap energy of

the active region.

To test the performance of LEDs, the light emitted by the material is measured

against the applied current/voltage at the device’s terminals. This measurement is

also known as the L-I-V characteristics measurement, as it gives the relationship

between light output, applied current, and applied voltage of the device. The mea-

surement gives important parameters, such as turn-on voltage, turn-on resistance,

electroluminescence spectra, wall-plug efficiency (WPE), and external quantum effi-

ciency (EQE).

The turn-on voltage is typically defined as the intersection between the linear

extrapolation of the LED I-V curve during turn-on and the voltage axis. The turn-on

resistance is the inverse of the slope of the LED I-V curve during device operation.

The overall efficiency of the LED is defined by the WPE. The WPE is the ratio

between the output optical power of the LED compared to the input electrical power

of the LED.

ηWPE = ηVTG × ηINJ × ηRAD × ηLEE (3.4)
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Each efficiency term is defined as follows:

ηVTG =
average photon energy emitted from the active region

average electron energy supplied by the power source
=
hv

qV
(3.5)

ηINJ =
# of electrons injected into the active region per second

# of electrons injected into a LED per second
=
I active /q

I/q
(3.6)

ηRAD =
# of photons emitted from the active region per second

# of electrons injected into the active region per second
=
P active /(hv)

I active /q

(3.7)

ηLEE =
# of photons emitted into the free space per second

# of photons emitted from the active region per second
=

P out /(hv)

P active /(hv)

(3.8)

Where P out , V, I, hv, I active , and P active are output optical power, applied voltage,

forward current, average photon energy, current injected into the active region, and

radiated optical power from the active region, respectively.

The EQE is defined as the product of internal quantum efficiency (IQE) and the

light extraction efficiency. It is the ratio of the number of useful photons compared

to the injected electrons.

ηEQE =
# of photons emitted into the free space per second

# of electrons injected into the LED per second

=

(
I active /q

I/q

)(
P active /hv

I active /q

)(
P out /hv

P active /hv

)
=

(
P out /hv

I/q

)
= η INJ × η RAD × η LEE

(3.9)

During carrier transport, several process takes place which can be described by

the ABC model in Equation 3.10.

ηEQE = ηIQE · ηLEE =
ηinj ·Bn2

An+Bn2 + Cn3
ηLEE (3.10)

Where ηEOE, ηIOE, ηini, ηLEE, A,B,C, and n represent EQE, IQE, carrier injection

efficiency, light extraction efficiency, Shockley Read Hall recombination coefficient
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Figure 3.8: McScience LED tester setup.

due to defects, bimolecular radiative recombination coefficient, Auger recombination

coefficient, and carrier density, respectively. The ABC model is useful for determining

the coefficients related to radiative and nonradiative recombination.

In Photonics Lab, we use a McScience LC5000 LED tester to analyze the electro-

luminescence characteristics of the fabricated devices. A photograph of the setup is

shown in Figure 3.8. The setup includes a closed cabinet to perform measurement in

a dark condition. The injection current/voltage is supplied by a Keithley 2400 source

meter, while the light output is measured by collecting the light through an integrat-

ing sphere attached to a spectrometer. The software suite enables quick measurement

of L-I-V characteristics, along with the electroluminescence spectra.
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Chapter 4

Structural and optical characterization of GaN/InGaN based

nanowire material

4.1 Introduction

In this part of our work, we studied the structural and optical characteristics of

GaN/InGaN based nanowire heterostructures. Prior to fabricating nanowire-based

device, it is important to perform a thorough characterization of the nanowire material

to understand their physical and optical characteristics, which may help understand

how the material might behave when they are fabricated into an optoelectronic device.

The typical characterization done includes microphotoluminescence (µ-PL), SEM,

and transmission electron microscope (TEM). Here, we show how we used optical

characterization to check for any unique behavior of the nanowoire material, and how

to correlate them with the structural features using scanning transmission electron

microscopy (CL-STEM).

We have grown a GaN/InGaN nanowire on Si(111) by employing the plasma-

assisted molecular beam epitaxy. Optical characterization using µ-PL reveals the

existence of nanoclusters-related recombination center within the nanowires. The

nanoclusters-related recombination center exhibits different temperature-dependent

characteristics compared with the surrounding InGaN quantum-disks related recom-

bination center. CL-STEM measurements reveal that these recombination centers

mainly arise from irregularities within the quantum disks, with a strong, spatially lo-

calized emission when measured at low temperature. The spectra obtained from both
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Figure 4.1: Temperature-dependent PL results for the nanowires samples. Measure-
ment results at 77 K and 300 K for low temperature sample (a); and high temperature
sample (b). (c) Peak position shift with increasing temperature for low temperature
sample. (d) Change of integrated intensity of the blue and green peak with increasing
measurement temperature for low temperature sample.

CL-STEM and µ-PL correlate well with each other. Our work sheds light on the rela-

tionship optical and structural properties of simultaneously coexisting recombination

centers within nanowires heterostructures.

This work is published as Prabaswara, A. et al. J. Nanophotonics 2017, 11 (2)

under SPIE publishing.

4.2 Temperature-dependent PL results

To investigate the luminescence characteristics of the nanowires, ensemble spectra

were taken using a 325 nm HeCd laser in a backscattering configuration. Temperature-
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dependent µ-PL measurements were performed between 77 K and 300 K. For the LT

sample, at room temperature, only the green emission at 546 nm is observed. How-

ever, when the sample is measured at 77 K [Figure 4.1 (a)], an additional blue peak

emitting at 465 nm is visible. The blue emission peak is observed to quench faster

than the green emission peak as the temperature increases. From this observation,

it is possible that the blue peak is attributed to shallower recombination centers.

For comparison, a second nanowires sample with a higher active region growth tem-

perature and a nominally smaller In composition (the HT sample) was grown. The

temperature-dependent µ-PL result from the HT sample is shown in Figure 4.1(b),

where only a single dominant peak can be observed at both 77 K and 300 K.

We further investigate the behavior of these two recombination centers through a

separate temperature-dependent µ-PL measurement, using a 405 nm diode laser as

the excitation source with temperature from 10 K to 150 K on the LT sample. In

Figure 4.1 (c), the peak position versus temperature is shown, with the blue peak

redshifting by 27.5 meV up to 130 K followed by a blueshift and the green peak red-

shifting by 5.4 meV until 70 K, followed by blueshift until 140 K, and another redshift.

For both the blue and green emission, the positions of their peak intensity follow the

S-shape associated with In clustering in the active region [151]. The initial redshift

can be explained as carriers moving to deeper recombination centers with smaller

band gap via carrier hopping. After reaching equilibrium, the carriers can start fill-

ing the higher energy states, represented by the blueshifting of the peak wavelength.

Finally, the redshifting can be explained by the regular thermionic emission of the

carriers. The S-shape confirms that both peaks originate from carrier population and

depopulation within the Qdisk insertions in the active region and not from defects

[152]. Figure 4.1 (d) shows the change of integrated µ-PL intensity with temperature.

By applying a two-component Arrhenius equation (inset), the activation energies EA1

and EA2 of the blue peak are determined to be 6.2 meV and 25.2 meV while the ac-
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tivation energies for the green peak are 8.3 meV and 40 meV. The activation energy

indicates the energy barrier that must be overcome before carriers escape radiative

recombination centers and recombine nonradiatively. The lower activation energy of

the blue peak indicates that carriers within the blue recombination center are more

susceptible to thermal quenching due to the activation of nonradiative recombination

centers and nonradiative recombination on the surface of the nanowires. On the other

hand, the higher activation energy in the green peak shows deeper localized state, as

evidenced by the stable green emission even when measured at room temperature.

Despite µ-PL being a useful tool to quantify various optical parameter of the

recombination centers within the nanowires, the results obtained represent the sta-

tistical average of an ensemble of nanowires. Furthermore, it does not give any direct

correlation on how the structural properties of the nanowires affect the recombination

centers embedded inside. To investigate the characteristics of individual nanometer-

sized recombination center, a cathodoluminescence measurement with nanoscale ex-

citation capability is required.

4.3 Structural characterization and cathodoluminescence re-

sult

SEM micrographs for the nanowires array from the LT sample are shown in Figure 4.2

(a) and (b). The nanowires density calculated statistically is approximately 7.5 ×

109/cm−2. The HAADF STEM image of a single nanowire with embedded Qdisks

is shown in Figure 4.2 (c). The typical length of the nanowires is ˜600 nm, and the

top lateral width is ˜100 nm. The typical thickness of the Qdisks is ˜6 nm. The

nanowires grow perpendicular to the substrate with an inversely tapered morphology.

The tapering is caused by the reduction of growth temperature during InGaN Qdisk

growth to promote In incorporation, resulting in lower adatom diffusion length and

preferential lateral growth. A degree of coalescence can be observed on the top part
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Figure 4.2: Electron microscopy result of the low temperature samples. (a) Plan view
SEM of the nanowires and (b) cross-section view of the nanowires. (c) HAADF image
of a single nanowire, with yellow arrows indicating the location of InGaN quantum
disk insertions. Number indicate the order of growth for each disks.

of the nanowires, which is caused by expansion of the diameter of the nanowires as

they grow.

Nanoscale luminescence characterization was conducted by CL-STEM. We first

attempted to use CL-STEM to verify the validity of the two distinct recombination

centers observed using low-temperature µ-PL. By scanning the beam over an entire

nanowires ensemble, a spectrum response analogous to the µ-PL measurement can be

obtained. The CL-STEM measurement was implemented at both room temperature

and 100 K for the LT sample. The ensemble spectra of the LT sample [Figure 4.3 (a)

and (b)] confirms that at room temperature, only a single peak emitting at 518 nm

can be detected, whereas two distinct peaks at 444 nm and 540 nm can be observed
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at 100 K; this result agrees well with the µ-PL measurement. The CL spectrum of

the nanowires ensemble at 100 K exhibits broader linewidth than the µ-PL measure-

ment result at 77 K due to phonon broadening at increased temperature. At room

temperature, the CL spectrum peak linewidth is relatively narrower compared to the

µ-PL spectrum and blueshifted. The narrower linewidth is caused by the smaller

number of nanowires excited using CL as compared to the µ-PL measurement, so

less compositional inhomogeneity is observed. Based on the nanowire density and

beam spot size, 750 nanowires are excited using µ-PL whereas 100-150 nanowires

are excited during ensemble CL measurement. The excited electron-hole pairs can

cause blueshifting through a combination of Coulomb screening (thus reducing the

quantum confined Stark effect), and band filling effect [153]. In general, CL excitation

generates more electron-hole pair compared to PL excitation [154], which results in a

more pronounced blueshifting compared to the PL result.

Figure 4.3 (c-e) shows an HAADF image of a single nanowire with the correspond-

ing CL true color map, where the color of each pixel in the hyperspectral data cube is

chosen to represent the data by comparing the measured spectrum to a standardized

color chart. It is implied that the blue emission is spatially localized within a single

region of the nanowire, while the green emission is relatively delocalized. Interest-

ingly, the bright blue nanoclusters-related emission can coexist with the Qdisk-related

green emission within a single nanowire, and occupy only a localized area. Although

the actual size of the localization center is only several nanometers, carrier diffusion of

the electron-beam generated electron-hole pair makes the center appears larger. From

its spatial extent, the carrier diffusion within the recombination center is estimated

to be 30-40 nm before they recombine.

A detailed point acquisition on a single segregation related recombination center

within LT sample was performed. The red cross in Figure 4.3 (c-e) indicates where

the CL spectrum was acquired. The result in Fig. 3 (f) shows a CL spectrum with
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Figure 4.3: Comparison of CL-STEM measurement between a nanowires ensemble
from LT sample. CL spectra of electron beam scanned over an ensemble of nanowires,
for (a) low-temperature measurement and (b) room temperature measurement. The
inset shows the HAADF image of the ensemble of nanowires. (c) HAADF image
and (d) the corresponding true color CL mapping from a single nanowire, showing a
spatially localized blue emission at 100 K. (e) Bandpass filtered monochromatic image
from the CL emission map centered at 460 nm. (f) Point acquisition CL emission
spectrum measured at the region of the blue emission. (g) Monochromatic CL-STEM
image of a single nanowire. HAADF image with overlaid red dashed lines showing
the outline of the nanowire and the position of Qdisks. The corresponding 7 nm
bandpass-filtered CL-STEM images at 100 K showing emission at (h) 406 nm, (i) 420
nm, (j) 445 nm, (k) 457 nm, (l) 510 nm, and (m) 530 nm. A strong emission at 4577
nm, which spatially coincides with the branching, can be observed in (k). Although
the actual size of the localization center is only several nanometers, carrier diffusion
in the order of 30-40 nm makes the center appears larger.
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a single peak and relatively narrow linewidth of 8 nm (47 meV), as compared to

the broad twin peak CL spectrum from nanowires ensemble measurement in Fig. 3

(a). This result demonstrates the importance of CL-STEM for probing the optical

property of single nanoscale-sized localization center within nanowires structure and

correlating it with the ensemble optical properties.

Further characterization was performed by overlaying a bandpass filtered CL spec-

tra on top of the HAADF image, shown in Figure 4.3 (g-m). The InGaN alloy within

the nanowire is outlined with red dashed line for clarity. It is shown that branching

and clustering occur within the nanowire. In Figure 4.3(k), a bright and spatially lo-

calized emission at 4576.9 nm can be observed. The blue emission coincides with the

location of the Qdisk branching which suggests that these blue-colored recombination

centers appear when irregularities, such as branching and nanoclusters are present in

the InGaN Qdisks. By contrast, the emission from other parts of the nanowires,

corresponding to Qdisk-related emission, is relatively weak and delocalized.

For comparison, we have also performed HAADF imaging and CL-STEM mea-

surement at 100 K on the HT sample, shown in Figure 4.4 (a). The CL spectrum

obtained from an ensemble of nanowires show only a single peak emitting at 470 nm,

which correlates well with the µ-PL measurement. As indicated in the true color map

of a typical nanowire shown in Figure 4.4, the dominant blue emission comes from

weakly localized Qdisk-related recombination center. The blue emission is uniform

across the active region with no spatially-localized bright emission from nanoclusters-

related recombination center.

From what we have observed, we deduced that there are mainly two distinct

recombination centers within the LT nanowires sample, namely the nanoclusters-

related recombination center which arise due to the formation of nanoclusters, and

the Qdisk-related recombination center which is relatively weaker at low measure-

ment temperature and delocalized. The blue emission in the LT sample revealed
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Figure 4.4: (a) CL spectrum of electron beam scanned over an ensemble of nanowires,
for an HT sample. The inset shows HAADF image of the nanowires ensemble. (b)
HAADF image of a single nanowire from HT sample with (c) the corresponding true
color CL mapping

by µ-PL measurement originates from nanoclusters-related recombination centers, as

evidenced by the strong spatial localization seen in CL-STEM measurements. As

the size of the quantum disks are comparable to the electron radius inside InGaN,

and both peaks exhibit the s-shaped peak emission shift related to exciton popu-

lation and depopulation process [151], we believe that both emission peaks come

from bound excitonic recombination. At lower measurement temperature, some of

these nanoclusters-related recombination centers are filled with carriers. As the tem-

perature increases, the emission from these recombination centers is red-shifted and

quenched, due to excitons dissociating into free carriers and obtaining sufficient en-

ergy and escape into the surrounding InGaN Qdisk by thermionic emission, thereby

depopulating the nanoclusters-related recombination centers. This process is reflected

by the low activation energy value of the blue peak. Emission from free carrier re-

combination typically has longer PL decay time compared to excitonic recombination

[155]. Further time-resolved PL study is required to investigate the contribution of

free carrier recombination towards the overall emission. With the nanoclusters depop-

ulated and most of the recombination mechanism happening within the Qdisks, the
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Figure 4.5: Calculated transition energy between the electron and ground state of an
InGaN well inserted between GaN barriers for different well thickness.

µ-PL spectrum is dominated by the green Qdisk-related peak at room temperature.

To rule out Qdisk thickness variations and different In composition as the cause

of the two separate peaks, we have performed additional numerical simulation and

EELS spectrum acquisition. Numerical simulation of the effect of Qdisk thickness on

emission wavelength was done using a commercial Nextnano3 software package [156].

For our model, we use a simple 1D InGaN quantum well with variable thicknesses

between GaN barriers. The quantum confined Stark effect is assumed to be negligible

considering strain relaxation from the Qdisk. The InGaN well simulated has a 35%

In content, resulting in peak emission of 2.3 eV at 6 nm, which agrees well with the

measured PL emission. We then calculate the transition energy between the ground

electron and hole levels. From the simulation result shown in Figure 4.5, we can see

that for InGaN well above 5 nm thick, the transition energy is relatively insensitive

to thickness variation within the InGaN well. As the blue and green emission peak

energy are separated by more than 500 meV, we can infer that thickness variation

between Qdisks is not the main cause for the blue emission.

HAADF image of two nanowires from LT sample aligned horizontally side by side,

referred as nanowire 1 and nanowire 2, along with the corresponding CL true color
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map and multiple linear least squares (MLLS)-fitted electron energy loss spectroscopy

(EELS) spectrum image for In content are shown in Figure 4.6 (a-c). We detected the

existence of simultaneous blue and green emission within nanowire 1. In addition, we

have also detected a strong blue-shifted emission emitting from the sidewall region of

nanowire 2, indicated by a red box in Figure 4.6 (b). However, even with the exis-

tence of simultaneous blue and green emission within a single nanowire and strongly

localized blue-shifted emission, the In composition across the nanowire is relatively

constant within a few atomic percentage. Therefore, we can also confirm that the

blue-shifted emission is likely not caused by compositional variation between Qdisks.

In contrast to the LT sample, the HT sample only has emission coming from Qdisk-

related recombination centers. Therefore, even at low measurement temperatures,

only a single dominant peak can be observed. The redshift observed with the peak

wavelength with increasing temperature is due to temperature-dependent band gap

shrinking common in semiconductor materials [157].

The irregularities within the Qdisks which give rise to nanocluster-related emission

are thought to arise due to In segregation because of lower In miscibility at a lower

growth temperature, leading to the formation of the nanoclusters. The nanoclusters-

related emission center is more prominent in the LT sample, where the Qdisks are

grown at relatively lower temperature. Although an individual nanocluster typically

exhibits narrow emission linewidth, the blue emission is broader for both µ-PL and

nanowires ensemble CL acquisition due to size and composition distribution between

separate nanoclusters. By contrast, the Qdisks inside the HT sample are grown at a

higher temperature, resulting in the formation of Qdisks with better crystal quality

and reduced In clustering, indicated by the absence of spatially localized emission.

By using CL-STEM, we have observed two distinct emissions within InGaN/GaN

nanowires heterostructures with nanoscale resolution and spatially identified the ori-
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Figure 4.6: (a) HAADF image of Qdisks region of two nanowires from the LT sample
aligned horizontally with the corresponding (b) true color CL map and (c) EELS
spectrum image for In composition. A bright localized emission from the sidewall
region of the nanowire is indicated by a red square in (b). EELS result indicates that
the In composition is relatively constant within a few atomic percentage across single
nanowire.
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gin of each recombination centers.

4.4 Conclusions

In conclusion, a detailed investigation on the origin of two distinct recombination cen-

ters within Qdisks-in-nanowires heterostructure was performed utilizing both µ-PL

and nanoscale CL-STEM. From the µ-PL measurements, we identify the existence of

two recombination centers within the active region of the nanowires. CL-STEM from

a single nanowire confirms that the emission corresponds to concurrent spatially local-

ized InGaN nanoclusters-related emission and delocalized emissions from the Qdisk

region. A high-resolution scan on a single nanowire reveals that the nanoclusters-

related recombination center corresponds to irregularities within Qdisk, i.e. branch-

ing, and clustering. Such irregularities are thought to arise from the low miscibility

of In at a lower growth temperature. In contrast, such nanoclusters-related recom-

bination centers are mostly absent from the HT sample. We have also ruled out the

possibility of Qdisk thickness variation and compositional variation across Qdisks as

the cause of the additional emission peak by performing numerical simulation and

EELS acquisition respectively. By utilizing CL-STEM, it is possible to obtain a thor-

ough understanding of the relation between the structure of InGaN/GaN nanowires

and its optical properties with nanoscale accuracy. Our results confirm that distinct

nanoclusters-related recombination centers exist simultaneously with Qdisk-related

recombination center within InGaN/GaN heterostructure under particular growth

condition.
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Chapter 5

Growth and Fabrication of Light Emitting Diodes on

Amorphous Quartz Substrate with Semi-transparent Ti

Pre-orienting layer

5.1 Introduction

In this part of our work, we demonstrate practical device fabrication based on In-

GaN/GaN nanowire heterostructures. We capitalize on the capability of the nanowires

to grow defect and dislocation-free irrespective of the substrate used. In this case we

attempted to use a transparent amorphous quartz substrate as a base, with a thin

Ti interlayer as a semitransparent and conducting interlayer. The fabricated device

emits in the yellow wavelength regime with a low turn-on voltage of ∼2.6 V. We

achieved ∼40% transparency across the visible wavelength while maintaining electri-

cal conductivity by employing a translucent TiN/Ti interlayer on amorphous quartz

as a nucleation layer. The nanowires-on-quartz LED emits a broadband spectrum of

light centered at true yellow (∼ 590 nm ), an important wavelength for bridging the

green-gap in solid state lighting technology, with significantly less strain and disloca-

tions compared to conventional planar quantum well nitride structures. Our results

show the possibility of fabricating III-Nitride optoelectronic device on amorphous

substrate through facile growth and fabrication steps.

This work is published as Prabaswara, A. et al. Nanoscale Res. Lett. 2018, 13

(1), 41 by Springer.
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5.2 Structural Characterization of Nanowires-on-quartz LED

The nanowire structure includes ∼90 nm n-GaN, with the active region consisting

of five pairs of ∼ 7 nm thick InGaN quantum disk and ∼ 14 nm thick barrier, and

∼ 60 nm p-GaN as the p-contact layer. Figure 5.1 (a) shows a plan-view SEM

image of the nanowires. The the nanowires are typically ∼ 100 nm in diameter and

∼ 250 nm long. By using ImageJ, the density of the nanowires is determined to

be ∼9× 109 cm−2, with a fill factor of 78%. Most of the nanowires grow separate

from each other, although some degree of coalescence can be observed. The growth

conditions were optimized using a two-step growth method separating the initial

GaN seed nucleation and nanowire growth [96]. By using this method, we were able

to optimize the nanowire morphology to achieve maximum density and minimum

coalescence-related defect sites [13].

High resolution transmission electron microscope (TEM) image of the top of the

nanowire is shown in Figure 5.1 (b), with the corresponding selective area diffraction

pattern shown in the inset. The diffraction pattern indicates the crystallinity of the

nanowire, showing the growth single crystalline GaN material on a lattice-mismatched

substrate. HAADF image of a single nanowire along with the corresponding elemental

mapping is shown in Figure 5.2 (a-d). The HAADF image shows 5 InGaN quantum

disks insertion as the active region, indicated by brighter area in the nanowire. At the

base of the nanowire, a layer composed of rough GaN surface can be seen. This layer

is the remains of the initial GaN nanowire seed that does not grow into nanowire due

to shadowing effect. Elemental mapping shows that the nanowires grow on top of the

TiN/Ti interlayer, and not directly on top of the quartz substrate.

The TEM elemental mapping on the interface between the nanowire, TiN/Ti

interlayer, and amorphous quartz substrate is also shown in Figure 5.2 (e-f) to give a

better understanding of interfacial composition. Elemental mapping for Ga, Ti, and

Si was performed using EDX while elemental mapping for O and N was performed
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Figure 5.1: (a) Plan view SEM of as-grown InGaN/GaN nanowires grown on quartz.
(b) High magnification view of bright field TEM, showing the crystallininty of the
nanowire. Inset shows the selective area electron diffraction pattern taken from the
nanowire.

using EELS. Elemental mapping confirms that thethe Ti layer was partially converted

into TiN during growth inside the MBE chamber, as indicated by the simultaneous

presence of Ti and N on top of the interlayer. The TiN layer is estimated to be ∼ 10

nm thick. The GaN nucleation and nanowire growth then occur on top of the TiN

layer. EELS result shows the existence of oxygen signal across the TiN/Ti layer which

may be caused by the spontaneous formation of native TiO2 film during the MBE

sample preparation and when the TEM sample is exposed to air after FIB milling

[158]. The direct nucleation on TiN is advantageous for our device design, as TiN is

shown to be capable of simultaneous transparency and conductivity [159] while also

improving the quality of GaN grown on top of it [160] and acting as an ohmic contact

to n-GaN.

5.3 Optical Characterization of Nanowires-on-quartz LED

The optical characteristics of the nanowires grown on quartz was measured using a µ-

PL setup with a HeCd laser (λ = 325 nm). At room temperature, µ-PL spectra show

a broad peak. The wide linewidth is a common feature among III-nitride nanowires
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Figure 5.2: (a) HAADF image of a single nanowire and corresponding EDX map for
Ga (b); Ti (c); and composite elemental mapping (d). Scale bar corresponds to 25
nm. (e) High magnification view of the interface between the nanowire base, inter-
layer, and substrate. Red arrow indicates the direction for the elemental mapping (f)
Corresponding EDX and EELS results showing the change in elemental composition
across the material interfaces. The EDX results are smoothed to remove noise.
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Figure 5.3: (a) Temperature dependent PL measurement result from 77 K to 300 K.
(b) Change of peak wavelength and FWHM for temperature-dependent PL measure-
ment. (c) Power-dependent µ PL measurement performed at 77 K, indicating reduced
quantum confined Stark effect.

because of the inherent compositional and structural inhomogeneity between each

individual nanowires [161]. The temperature-dependent µ-PL in Figure 5.3 (a) shows

that from 77 K to 300 K, µ-PL spectra are red-shifted and broaden with increasing

temperature. The peak wavelength and FWHM for various measured temperature are

shown in Figure 5.3 (b).The red-shifting is due to Varshni effect-related temperature-

dependent bandgap shrinkage, while the peak broadening with an increase of temper-

ature is due to the coupling of excitons with acoustic phonons [162]. The reduction

in peak intensity observed with increasing temperature is caused by the increase of

nonradiative recombination due to the activation of nonradiative recombination cen-

ters at elevated temperature, and carriers obtaining enough thermal energy to escape

the quantum disk to recombine nonradiatively. The results of the power-dependent

µ-PL experiment at 300 K (Figure 5.3 (b)) show that the spectra exhibit negligible

blue-shifting with increasing excitation power. The absence of blue-shifting can be

attributed to the reduction of piezoelectric field and the QCSE within the quantum

disks caused by radial strain relaxation in nanowires structures [163].

We compared the transmittance of a quartz substrate coated with 20 nm of Ti, a

quartz substrate coated with Ti which has undergone partial nitridation, and as-grown
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Figure 5.4: (a) Transmittance measurement results for bare quartz, quartz substrate
coated with 20 nm of Ti, quartz substrate coated with TiN/Ti layer, and as-grown
nanowire sample on quartz. Optical photograph of quartz coated with 20 nm Ti (b);
quartz coated with Ti which has undergone partial nitridation (c); as grown nanowire
sample (d); and fabricated LED device on quartz (e)

nanowires on quartz sample. The bare quartz substrate itself has a transmittance of

∼ 93% across the visible wavelength spectrum. The measurement results are shown in

Figure 5.4 (a). For bare quartz substrate coated with 20 nm of Ti, the transmittance

is reduced to only ∼ 22%. After nitridation, the transmittance increased considerably

by more than 20%, due to the conversion of Ti into TiN. After nanowire growth, the

transmittance for shorter wavelength is reduced. The lower transmittance is to be

expected, due to light absorption from the InGaN quantum disks active region[164].

The optical photographs of quartz substrate coated with 20 nm Ti, quartz substrate

with TiN/Ti layer, as-grown nanowires on quartz, and fabricated device are shown

in Figure 5.4 (b-e) for comparison.

5.4 Device characterization

We fabricated the nanowires grown on TiN/Ti/amorphous quartz into LED devices.

The fabrication steps are depicted in Figure 5.5. The detailed fabrication steps are

described in the method section.

The LED structure depicted in Figure 5.6 (a) consists of the following layers:
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Figure 5.5: Fabrication steps for the nanowires- on-quartz LED.

the Ni/Au contact pad, Ni/ITO transparent current-spreading layer, GaN nanowires

with 5 InGaN quantum disks embedded inside dielectric filling material (parylene C),

and a bottom TiN/Ti interlayer. The bottom TiN/Ti interlayer acts as a translucent

contact layer.

Figure 5.6 shows the electrical characterization results of the nanowires-on-quartz

device. The IV measurement on a 500 × 500 µm-sized device shows a low turn-on

voltage of ∼ 2.6 V. The turn-on resistance (∼ 300 Ω) is higher than that of nanowires-

based LED devices fabricated on silicon and metal platform primarily because of the

high series resistance of the thin TiN/Ti layer in combination with the spontaneous

formation of insulating TiO2 layer [165]. The light output power shown in the result

of the L-I measurement is relatively low, as only light emitted normal to the device

plane is collected. The light emission from the device in Figure 5.6 (b) shows that

part of the light emitted by the device couples into the surrounding quartz substrate

area and is partially backscattered normal to the substrate plane, resulting in low

light extraction efficiency. However, this result also highlights the possibility of using

the nanowires-on-quartz LED as the foundation for an all-optical circuit on a glass

platform by carefully engineering the coupling and guiding of photons inside the

quartz substrate.
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Figure 5.6: (a) Schematic of the fabricated LED device. (b) Optical photograph
of the nanowires on quartz LED under forward bias. (c) L-I-V characteristic of the
LED. (d) Electroluminescence spectra of the LED under varying injection current. (e)
Change of FWHM and peak wavelength position of the LED with increasing forward
bias. (f) Relative external quantum efficiency of the LED, showing efficiency droop
at higher injection current due to current crowding and junction heating.
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Figure 5.7: Device temperature measurement using OptoTherm infrared camera. (a)
Change of device temperature with increasing injection current. The measured point
is indicated by the green cross within the inset. Infrared image corresponding to the
temperature of the device and surrounding area at injection current of 5 mA (a); 10
mA (b); 20 mA (c); 30 mA (d). The results indicate that heat is concentrated in the
area around the device.

Electroluminescence (EL) measurement results in Figures Figure 5.6 (d) and (e)

show a broad emission linewidth of above 120 nm. The electroluminescence peak

agrees well with the room-temperature µ-PL measurement. At a low injection cur-

rent density approximately at turn-on, the LED exhibits a broad spectral emission

near the red wavelength. With increasing injection current, the spectrum blue-shifts

from 650 nm towards 590 nm thus realizing on-chip tuning across red-amber-yellow

color regime. The blue-shift in peak wavelength is related to the Moss-Burstein effect

where at a high injection current electron starts filling higher energy state and recom-

bine, resulting in shorter peak emission wavelength. At higher injection current, the

blue-shifting of the peak wavelength is saturated, due to competition with the red-

shifting caused by junction temperature increase. Using a quantum-disks-in-nanowire

structure, the polarization field is reduced through strain relief, thus enabling the re-

alization of a yellow-emitting LED device.

The relative external quantum efficiency (EQE) calculation shown in Figure 5.6

(f) shows that the quantum efficiency peaked at ˜20 mA before efficiency droop

begins. This reduction in efficiency is caused by the combination of limited current

spreading and junction heating effect due to the low thermal diffusivity of quartz. This
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results in heat buildup and efficiency roll-over within the device [166]. To investigate

the junction heating within the device, an OptoTherm infrared camera was used to

observe the device temperature during operation (see Figure 5.7 ). At a current

injection of 35 mA, the device temperature already exceeds 60 ◦C, which is noticeably

higher compared to nanowire devices grown on top of silicon and metal substrate

[57]. Figure 5.7(d) shows that under higher injection current, heat is not efficiently

dissipated, but instead accumulates in the area around the device. Further design

improvement of an efficient phonon transport medium, which is compatible with the

current platform beyond this proof of concept demonstration, is required.

5.5 Color mixing experiment

A CCT-tunable high quality white light source plays an important role in consumer

electronics, as it has been shown that the blue light component on the electronic

display leads to suppression of melatonin, interfering with human circadian rhythm

[167, 168]. Taking advantage on the broadly tunable spectral characteristics of the

device, we demonstrated a practical application of a tunable white light generation

in a transmission configuration. We used the nanowires-on-quartz LED as the active

widely tunable element with the red, green, and blue (RGB) laser diodes (LDs) as the

secondary light sources. One advantage of using nanowires-based yellow light source

for generating white light is the inherent broad emission, which leads to high color

rendering index (CRI) value. By utilizing the yellow LED in conjunction with lasers,

we were able to design a widely CCT-tunable white light.

The arrangement of the color mixing setup is described as follow. First, the out-

puts of the RGB LDs are combined using a Thorlabs 3-channel wavelength combiner

and collimated using a collimating lens. The collimated beam is then reflected using a

45◦ mirror onto the rear side of the LED. Finally, the detector is positioned above the

LED to collect the resulting mixed color light. The setup is depicted in Figure 5.8
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(a). A GL Spectis 5.0 touch spectrometer was used to process the CRI and CCT

values based on the International Commission on Illumination (CIE) 1931 standard.

In the first experiment, the beam from a blue LD was combined with the yellow

light from the LED. The bias currents of the LD and LED were initially varied, yield-

ing a CRI value of 74.5 with a CCT value of 6,769 K. This value is much higher than

our previous result using a blue LD/YAG:Ce3+ phosphor for white light generation

[169]. To demonstrate the color tunability, either the LED or LD bias was varied,

starting from the bias value that produced the highest CRI. Figure 5.8 (b) and (c)

show the effect of adjusting the bias current on the CRI and CCT values. We were

able to tune the color temperature from 2,800 K to over 7,000 K while maintaining

a CRI value above 55. Figure 5.8 (d) shows the spectrum from the highest CRI

achieved, with the inset showing the change in the CIE 1931 coordinate by varying

the bias current. Further improvement to the CRI value was made using an RGB LD

in conjunction with the yellow LED. We obtained a high-quality white light with a

CCT value of 7,300 K and a CRI value of 85.1, as shown in Figure 5.8 (e).

By utilizing the nanowires-on-quartz LED in conjunction with laser diode system,

we are able to design a widely CCT-tunable white light source while avoiding the

issue of phosphor degradation [170]. By controlling the spectral characteristics of

each wavelength individually, fine tuning of white light characteristics is possible.

In addition, laser diode-based white light generation is more favorable compared to

LED-based due to higher efficiency and potential cost advantage [171].

5.6 Conclusions

In conclusion, we have demonstrated the growth and fabrication of InGaN/GaN

nanowires LED directly on an amorphous quartz substrate using TiN/Ti interlayer.

The nanowires-on-quartz LED enables the realization of an LED light source based

on the scalable and economical substrate. The fabricated LED emits light at peak
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Figure 5.8: Color mixing experiment. (a) Color mixing experiment setup indicating
the red, green, and blue LDs and the yellow nanowire on quartz device. Inset shows
optical photograph of LED under laser illumination. (b) change in CCT and CRI
with varying LED injection current. (c) Change in CCT and CRI with varying LD
injection current. Wavelength spectrum and CIE 1931 map for a color mixing setup
using a blue LD with yellow nanowires on quartz LED (d); and RGB LDs with yellow
nanowires on quartz LED (e).
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wavelength covering yellow-amber-red (peak wavelengths of 590 nm to 650 nm ) with

an FWHM of over 120 nm. Capitalizing on the broadly tunable spectral characteris-

tics of the device, we demonstrated a practical generation of a widely tunable white

light from 3000 K to >7000 K in a transmission configuration.
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Chapter 6

Direct Growth of Single Crystalline GaN Nanowires on

Indium-Tin-Oxide Coated Silica

6.1 Introduction

In this work, we demonstrated the direct growth of GaN nanowires on indium tin

oxide (ITO)-coated fused silica substrate. The nanowires were grown catalyst-free

using plasma-assisted molecular beam epitaxy (PA-MBE). The effect of growth condi-

tion on the morphology and quality of the nanowires are systematically investigated.

Structural characterization indicates that the nanowires grow in the (0001) direc-

tion directly on top of the ITO layer perpendicular to the substrate plane. Optical

characterization of the nanowires shows that yellow luminescence is absent from the

nanowire’s photoluminescence response, attributed to the low number of defects. Con-

ductive atomic force microscopy (C-AFM) measurement on n-doped GaN nanowires

shows good conductivity for individual nanowires, which confirms the potential of us-

ing this platform for novel device applications. By using a relatively low-temperature

growth process, we were able to successfully grow high-quality single-crystal GaN

material without the degradation of the underlying ITO layer.

This work is published as Prabaswara, A. et al. Nanoscale Res. Lett. 2019, 14

(1), 45 by Springer.



88

Figure 6.1: Effect of annealing temperature on the electrical and physical character-
istics of ITO thin film deposited on fused silica. (a) sheet resistance measured with
a four point probe after annealing at different temperature. Surface morphology of
the ITO thin film after annealing at (b) 500 ◦C; (c) 600 ◦C; (d) 700 ◦C measured using
AFM.

6.2 Effect of Ultra-High Vacuum Annealing on ITO Layer

As the high-temperature growth of GaN nanowires might result in the degradation

of the underlying ITO layer, we first investigated the effect of thermal annealing on

bare ITO deposited on top of the silica substrate. The experiment was performed

inside the buffer chamber of the MBE under typically 10−8 Torr pressure to simulate

actual growth condition. After annealing, the electrical conductivity of the bare

ITO is measured using a four-point probe measurement, and the surface roughness

is investigated using atomic force microscopy (AFM). The surface morphology of the

ITO layer was investigated using Agilent 5500 SPM atomic force microscopy (AFM)

system. From the annealing experiment, shown in Figure 6.1 (a), we find that the

value of sheet resistance of the ITO thin film remains below 10 Ω/�. However, at a

higher annealing temperature, the ITO thin film becomes rougher with larger grain

size, shown in Figure 6.1 (b)-(d).
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6.3 GaN Nanowire Growth on ITO

The nanowire growth process is illustrated in Figure 6.2 (a). As shown in the AFM

result, annealing the ITO layer in elevated temperature will result in rough ITO

surface with large grain size. During MBE growth, neighboring GaN nanowires that

grow on the surface of a single grain tends to coalesce and form a larger nanowire

composed of a cluster of nanowires. Therefore, the morphology of the underlying

ITO will directly affect the morphology of the nanowires grown on top of it. The

plan view of the scanning electron microscope (SEM) micrograph is shown in Figure

Figure 6.2 (b). From the plan view, the nanowires density is statistically estimated

to be 9.3 × 109 cm−2 with a fill factor of 73%. The cross-section view of the sample

is shown in Figure 6.2 (c). The nanowires grow perpendicular to the substrate plane

with some degree of tilt directly on top of the ITO layer.

In order to investigate the polarity of the nanowires, we utilized KOH-based etch-

ing. It has been reported that wet chemical etching using KOH shows preferential

etching for N-face GaN. Therefore the polarity can be determined by comparing the

morphology of the nanowires before and after KOH etching. We immersed the GaN

nanowire on ITO samples within a KOH solution for 1 hour in room temperature

and compare the morphology before and after chemical immersion to determine the

nanowire growth polarity.

The SEM image of the nanowires sample after 1 hour of immersion inside KOH

solution is shown in Figure Figure 6.2 (d). It can be seen that after the chemical treat-

ment, the tips of the nanowires are partially etched off, which indicates N-polarity.

This finding agrees with previously reported results where spontaneously grown III-

nitride nanowires are typically N-polar[61, 20, 172, 173].
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Figure 6.2: (a) Schematic illustrating the growth of GaN nanowires on rough ITO
surface. Inset shows an SEM micrograph of the rough ITO surface after thermal
annealing. (b) Plan view of GaN nanowires grown on ITO. (c) Elevation view of
GaN nanowires grown on ITO.

6.4 Optical Properties of GaN Nanowires Grown on ITO

We investigated the optical properties of the GaN nanowires directly grown on top

of ITO by using a temperature-dependent and power-dependent photoluminescence

(PL) measurement setup. The sample was loaded into a helium-cooled cryostat and

excited using a 266 nm laser (Teem photonics SNU-20F-10x). The temperature was

varied from 10 K to 290 K. We first studied the power-dependent photoluminescence

response, performed at 10 K. Transmittance measurement was performed using a

UV-Vis-NIR spectrophotometer (Shimadzu UV-3600).

The temperature-dependent photoluminescence result is shown in Figure 6.3 (a).

From the measurement, it is shown that the yellow luminescence commonly associated

with defects in GaN materials is about three magnitudes lower than the GaN band

edge emission, highlighting the high-quality GaN material growth. Temperature-

dependent photoluminescence is shown in Figure 6.3 (b). The result shows red-
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Figure 6.3: (a) Power-dependent measurement of GaN nanowires grown on
Temperature-dependent PL of GaN nanowires grown on ITO layer. (b) Calculated
activation energy. (c) The XRD profiles for bare fused silica, as-deposited ITO thin
film, annealed ITO thin film, and GaN nanowires grown on ITO; (d) Transparency
of fused silica substrate, ITO layer on fused silica, and GaN nanowires grown on ITO
layer.

shifting with increasing temperature commonly associated with Varshni band-gap

shrinking. The intensity of the peak emission is reduced with the increase in temper-

ature owed to the activation of the non radiative recombination centers. Arrhenius

fitting is done on the change in PL integrated intensity over temperature, shown in

Figure 6.3 (c). The fitting gives an activation energy of 195 meV. By using the ratio

of integrated intensity at 290 K and 10 K, we estimate the internal quantum efficiency

of the nanowires to be around 67%.

Figure 6.3 (d) shows the change in transmittance for the annealed ITO, fused

silica, and GaN nanowire on ITO/silica. The transmittance of the sample is reduced

after the growth of GaN nanowire. As the GaN nanowires are non-absorbing in

the visible wavelength range, the reduced transmittance can be attributed to light

scattering caused by the nanowires itself.
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6.5 Structural Characterization of GaN Nanowires on ITO

X-ray diffraction (XRD) measurements was performed using a Bruker D2 Phaser

powder XRD system. Figure 6.3 (e) shows the XRD results of the armorphous silica

substrate, silica substrate with as-deposited ITO, RTP-annealed ITO/silica, and GaN

nanowires grown on ITO/silica. No XRD peak can be observed in the as-deposited

ITO layer, indicating an almost amorphous layer. After RTP annealing, ITO(211),

ITO(222), ITO(400), ITO(440), and ITO (622) peak can be observed, indicating that

annealing results in the appearance of higher energy reflections, which agrees with

previous reports[174]. The most dominant peaks are shown to be ITO(222) peak and

ITO(400) peak. The measured GaN(0002) peak in the 2θ measurement indicates that

the majority of the GaN nanowires grow on polycrystalline ITO layer.

The structural quality of the GaN nanowires grown on top of ITO was investigated

using transmission electron microscopy (TEM) characterization. A cross-section TEM

sample was prepared using an FEI Helios Nanolab 400s Dual Beam Focused Ion Beam

(FIB) SEM. High-resolution transmission electron microscopy (HRTEM) and High-

resolution high-angle annular dark field STEM (HAADF-STEM) characterizations

were carried out using a Titan 80-300 ST transmission electron microscope (FEI

Company). The elemental composition map were obtained through EELS.

Figure 6.5 (a) shows the HAADF transmission electron microscopy of the nanowires.

The nanowires grow directly on top of the ITO layer. To study the the interface be-

tween the nanowires and ITO layer, we performed an EELS elemental mapping line

scan for Ga, In, N, and O in the area indicated by a red box. The line scan profile

in Figure 6.5 (b) indicates a clear boundary between the GaN and ITO layer. A

high-resolution TEM image of a single nanowire in Figure 6.5 (c) shows the lattice

arrangement of the nanowire, confirming the single crystallinity of the material. High-

resolution TEM on the interface between GaN nanowires and ITO layer in Figure 6.5

(d) shows what appears to be an intermediate layer (IL) composed of a polycrystalline
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Figure 6.4: The effect of varying growth condition parameters on the morphology of
GaN nanowires grown on ITO.

layer about 4 nm thick between the base of the nanowire and the ITO. This thin layer

is suggested to be a transition GaN layer, formed between the cubic ITO grain and

crystalline GaN layer. A similar layer has been reported before where GaN nanowires

are grown directly on top of an amorphous fused silica layer [54].

Figure 6.4 shows the effect of the growth condition on the morphology of the GaN

nanowires.

Figure 6.6 shows that for some nanowires, the nanowire grows in the nonpolar

a-plane direction. The exact mechanism for this growth still need to be investigated.

However, currently it is assumed that the crystal orientation of the underlying ITO

grain determine the orientation of the nanowires grown on top of the grain. As the

XRD result does not show GaN (11-20) peak, the number of GaN nanowires growing
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Figure 6.5: (a) HAADF image of GaN nanowires directly grown on top of ITO layer.
The red box indicates where the EELS line scan was performed. (b) EELS line
scan profile of the interface between the base of GaN nanowire and ITO layer. The
elemental mapping for Ga, In, N, and O are shown in the graph. (c) High-resolution
TEM of the GaN nanowire, showing single crystallinity. Red arrow indicates growth
direction. The interplane spacing corresponds to GaN c-plane. (d) High-resolution
TEM image of the interface between the GaN nanowire and ITO layer. A partially
crystalline transition layer can be seen between the GaN nanowires and ITO layer,
bound by the dashed red lines.
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Figure 6.6: High-resolution TEM at the interface showing the growth of nonpolar
a-plane GaN nanowire directly on top of ITO.

in the a-plane direction is a lot less compared to nanowires growing in the (0001)

direction. However, the possibility to selectively grow a-plane GaN is attractive as it

will provide a pathway to produce nonpolar device with reduced QCSE.

6.6 Nanoscale Electrical Measurement of GaN Nanowires on

ITO

To test whether the GaN nanowires on ITO platform would be feasible for device

application, we have grown n-doped GaN nanowires and measured the I-V character-

istic of individual nanowires using C-AFM. Through this method, we obtained the

statistical I-V data from the sample. The electrical characteristic of the sample was
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measured by using conductive AFM (C-AFM) in contact mode. A Ni/Au layer with

5/5 nm thickness was deposited on top of the nanowires using e-beam evaporation,

followed by rapid thermal annealing at 600 ◦C in atmospheric ambient. The C-AFM

measurement was done by using a Pt/Ir coated AFM tip and applying bias to the

ITO layer of the sample. The measurement results are shown in Figure 6.7.

The current mapping in Figure 6.7 (b) shows that the nanowires in Figure 6.7 (a)

are initially non-conducting, with only several spots showing current flow. We also

performed I-V characterization on individual nanowires. The range of the sample

voltage sweep is from -10 V to 10 V, with the resulting tip current ranging from -10

nA to 10 nA, which is limited by the AFM system specification. The result is shown

in Figure Figure 6.7 (c). For the first sweep, we find that the nanowires exhibit very

high turn-on voltage, indicating a Schottky contact behavior due to the formation of

Schottky barrier on both ends of the nanowire. However, after the second current

sweep, we find that the turn-on voltage of the I-V curve was significantly reduced,

attributed to the lowering of the Schottky barrier height. We observed this trend of

reduced turn-on voltage after the initial punch-through voltage sweep across multiple

nanowires in the AFM scan area shown in Figure Figure 6.7 (d), confirming that this

applies to all of the nanowires grown on ITO. The exact mechanism of the lowering of

the turn-on voltage still requires further investigation. Previous reports have shown

that applying a high voltage to the material might have induced current-carrying

paths through electrical breakdown [175, 176], or modify the structure of the GaN

nanowire itself[177] leading to improvement in turn-on voltage.

6.7 Conclusions

In conclusion, we have performed the growth of GaN nanowires on top of an ITO thin

film deposited on a fused silica substrate. Physical characterization using electron mi-

croscopy shows that the nanowires grow perpendicular to the substrate plane, while
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Figure 6.7: (a) C-AFM mapping of the nanowires topology. (b) Corresponding tip
current, with -8V bias applied to the sample. (c) I-V curve of a single nanowire with
sample voltage bias from -10 V to 10 V, showing different I-V characteristic between
initial and second sweep. (d) Distribution of I-V curve from a number of nanowires,
after the initial punch-through sweep.
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retaining high crystal quality. A strong GaN band-edge emission was detected through

photoluminescence characterization, while the yellow luminescence commonly asso-

ciated with defects is absent. The nanowires have a preferred N-polarity, indicated

by the preferential etching of the crystal plane in a KOH solution. We have also

discovered that some nanowires grown in the nonpolar direction, suggesting influence

of the orientation of the underlying ITO grain. C-AFM measurements on n-doped

nanowires show good conductivity, highlighting the possibility of the platform for

device application.
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Chapter 7

Epitaxial Growth of GaN Nanowires on Ti3C2 MXene Layer

7.1 Introduction

MXene is a new family of 2D materials that exhibits several unique prorperties such

as metallic conductivity, partial transparency, and possibility for large-scale spray-

coating deposition. This makes MXene attractive for large-scale transparent conduc-

tive electrode applications where it is difficult to employ graphene. In this work, we

demonstrated the epitaxial growth of GaN/InGaN nanowires directly on Ti3C2 MX-

ene using plasma-assisted molecular beam epitaxy (PA-MBE). The multilayer MXene

was initially spray-coated on bare fused silica substrate followed by growth inside the

MBE chamber. Structural characterizations using SEM and TEM shows that the

nanowires grow directly perpendicular to the MXene layer, with unique epitaxial re-

lation between the MXene and GaN nanowires. This might be caused by good lattice

matching between Ti3C2 MXene and GaN (a = 3.07�A and a = 3.18�A for Ti3C2

MXene and GaN respectively). Electrical characterization shows a Schottky contact

behavior between the GaN nanowires and MXene layer. This work highlights the pos-

sibility of using layered MXene material as a transparent and conductive nucleation

layer for III-nitride nanowires.
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7.2 Effect of MXene Nucleation Layer on the Morphology of

GaN Nanowires

In order to evaluate the feasibility of using MXene layer for growth, we loaded a fused

silica substrate spray-coated with MXene layer into the MBE buffer chamber, and

annealed it at 750 ◦C under a base pressure of 1× 10−9 Torr. After annealing, we

performed Raman spectroscopy on the MXene layer using KAUST core lab’s Horiba

Aramis system. All Raman measurements were performed using 473 nm laser as an

excitation source under backscattering configuration. The effect of annealing is shown

in Figure Figure 7.1 (a). From the Raman spectra, we see that peak broadening occurs

on the MXene peak, but otherwise the MXene layer remains intact.

We further investigated the effect of Ti3C2 MXene layer on the morphology and

quality of the GaN nanowires. To do this, we performed the growth of GaN nanowires

directly on fused silica, on ’thin’ (10.4 nm) MXene layer, and ’regular’ (19.2 nm) MX-

ene layer under nominally identical condition. The growth was performed at 800 ◦C,

2.5× 10−8Torr gallium beam equivalent pressure, 1220 ◦C silicon cell temperature,

and RF plasma at 350 W power and 1 sccm nitrogen flow rate. Note that the n-

dopant was incorporated as the calibration run was performed with eventual device

structure growth in mind. The Raman spectra is shown in Figure 7.1 (b), while the

plan view SEM micrographs are shown in Figure 7.1 (c)-(e).

In Raman spectroscopy, the most common indicator used to evaluate the qual-

ity of GaN is the E2
high phonon mode associated with wurtzite GaN structure. For

GaN nanowires grown directly on fused silica, the nanowire grows in a highly dense

manner with a high degree of coalescence. The nanowires grow with random in-plane

orientation which is to be expected due to the amorphous nature of the fused silica.

The relative intensity of the E2
high phonon is weak compared to the signal from the

fused silica, due to the poor GaN material quality.

Figure 7.1 (d) shows the plan view of GaN nanowires grown on thin MXene.
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In general the GaN nanowires coalesce into a compact layer, while for some area a

nanowire morphology similar to the nanowires morphology grown directly on fused

silica. AFM measurement on the surface (see inset) shows that some area on the

substrate surface is not covered by MXene nanoflakes, resulting in direct growth of

nanowires on fused silica. On the other hand, the nanowires grown on the MXene

nanoflakes grow in high density and eventually coalesce into a compact layer with

hexagonal features on the surface.

Figure 7.1 (e) shows the plan-view of the GaN nanowires grown on MXene layer

with regular thickness. A clear nanowire morphology with hexagonal facets can be

seen. The diameter and density of the nanowires grown on MXene is highly non-

uniform even across a small sample area, compared to nanowires which are grown

on other Si, Ti, or Mo. The decrease in nanowire density with increasing number of

MXene nanoflakes layer is similar to the dependence of GaN nanowires density on

the number of underlying graphene monolayers observed by Kumaresan, et al. [110],

which is based on elasticity and strain partitioning between the GaN nucleus and

underlying layered material.

The elevated and cross section view of the GaN nanowires grown on regular thick-

ness MXene is shown in Figure 7.2 (a) and (b) respectively. The nanowires grow

perpendicular to the substrate, with some tilting caused by the surface roughness of

the MXene layer. From the plan-view SEM in page 104 (c), we observe that nanowires

grown close together in a small area exhibit similar in-plane orientation. A droplet-

like feature on the nanowire top, indicating domain inversion boundary is shown by

the red circles.

A lower magnification SEM in Figure 7.2 (d) shows multiple in-plane orientation,

as indicated by the false color map on the SEM. This is caused by nanowire growth on

separate MXene nanoflakes. GaN nanowires that grow on the same MXene nanoflake

will show identical in-plane orientation, which indicates epitaxial relationship between
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Figure 7.1: (a) Raman spectra comparison between bare fused silica, as-deposited
MXene layer, and MXene layer after annealing inside the MBE buffer chamber. (b)
Raman spectra comparison between GaN NWs grown on top of bare fused silica, thin
MXene layer, and regular MXene layer. Plan-view SEM image of nanowires grown
on (c) bare fused silica; (d) thin MXene layer; and (e) regular thickness MXene layer.
Inset shows the AFM micrograph of the corresponding substrate surface, with scale
bar corresponding to 1 µm.
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the first atomic plane of the GaN nanowires and the Ti3C2 MXene.

We performed an XRD measurement on a 1 × 1 cm2 sample to obtain the pole

figure of the GaN [10-14] reflection. From Figure 7.2 (e), it appears that the GaN

nanowires sample does not exhibit the six-fold symmetry seen on GaN nanowires

grown on Si (111). Therefore, the lack of symmetry is attributed to the random

distribution of the in-plane orientation of MXene nanoflakes which are spray-coated

on top of the amorphous substrate.

The growth direction of the nanowires are evaluated using polycrystalline XRD.

2θ/ω scan of the GaN nanowires sample shows a dominant Ga(0002) peak and

Ga(0004) peak, which shows that the nanowires grow in the c-plane direction typical

of catalyst-free GaN nanowires. The inset shows the Ti3C2 (002) peak which comes

from the interlayer spacing of the MXene nanoflakes. After nanowire growth, the c-

lattice parameter of the MXene layer decreases, shown by the shift in the Ti3C2 (002)

peak. This might be caused by the removal of the water molecule intercalants from

the MXene layers during high temperature annealing inside the ultra high vacuum

environment, and requires further study.

The verticality of the GaN nanowires ensemble are evaluated using XRD rocking

curve of the GaN (0002) peak, shown in Figure 7.2 (g). The (0002) peak has an

FWHM of 5925 arcsec, which is comparable to the value for GaN nanowires grown

on multilayer graphene [110]. The misorientation of the GaN nanowire’s verticality

comes from the rough surface of the MXene layer, as the nanoflakes are stacked on

top of each other in a random manner.

7.3 TEM Characterization of GaN Nanowires Grown on MX-

ene

The structural properties of the GaN nanowires and the property of the interface

between the GaN and MXene is studied using TEM. Figure 7.3 (a) shows a low mag-
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Figure 7.2: (a) Elevated and (b) cross-section view of the nanowires. Scale bars
corresponds to 500 nm. (c) Plan-view of GaN nanowires grown on MXene. The
nanowires within the small area exhibit identical in-plane orientation. Domain inver-
sion boundaries are indicated by the red circles. Scale bar corresponds to 200 nm. (d)
Lower magnification plan-view SEM showing two distinct in-plane orientations of the
nanowires, as indicated by the false color map. (e) XRD pole figure plot taken from
the [10-14] peak. (f) XRD curves of the fused silica, as-deposited MXene, and GaN
nanowires on MXene. Inset shows an enlarged area around the Ti3C2 (002) peak. (g)
Rocking curve of the GaN (0002) peak.
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Figure 7.3: (a) Low magnification TEM images of GaN nanowires grown on Ti3C2

MXene. Inset shows the selective area diffraction pattern taken at the GaN nanowires.
(b) A high-resolution TEM image of a single nanowire, showing direct growth of the
GaN nanowires on top of the MXene layer. (c) High-resolution HAADF image of
the nanowire, indicating growth in the ¡0001¿ direction. (d) High-resolution HAADF
image taken at the interface between the MXene layer and GaN base. (e) A composite
HAADF and EDX elemental mapping image showing the composition of Ga, Ti, Si,
and O.

nification TEM of the GaN nanowires. Selective area diffraction pattern was taken at

the GaN nanowires. A higher magnification TEM image is shown in Figure 7.3 (b).

The GaN nanowires grow directly on top of the MXene layer. The MXene layer has a

non-uniform thickness with a step visible in Figure 7.3 (b), and consists of individual

MXene nanoflakes layered on top of each other.

High-resolution HAADF of the nanowire in Figure 7.3 (c) shows that the GaN

nanowires grow in ¡0001¿ c-plane direction perpendicular to the substrate. Figure 7.3

(d) shows a high resolution HAADF of the interface between the Ti3C2 MXene and

GaN nanowire base. The GaN nanowire grows directly on the MXene layer without



106

the formation of amorphous buffer layer seen on GaN nanowires grown silicon and

directly on fused silica. Due to the random orientation of the MXene nanoflakes, it

is difficult to obtain the exact epitaxial relationship between the GaN nanowires and

the MXene nanoflakes.

Figure 7.3 (e) shows a HAADF image of the GaN-MXene-fused silica interface

with EDX elemental mapping result superimposed. We captured the EDX signal

from Ga, Ti, Si which corresponds to the GaN nanowires, MXene, and fused silica

layer respectively. A clear interface can be seen between the Ga, Ti, and Si signal

with minimum interdiffusion between each of the layers.

7.4 Transmittance and Photoluminescence Measurement of

GaN Nanowires Grown on MXene

The transmittance value for bare MXene, and GaN nanowires grown on MXene was

evaluated using UV-Vis spectrophotometry and shown in Figure 7.4. For bare MXene,

the transmittance value is above 40% for the entire visible wavelength. After growth

of the GaN nanowires, the transmittance value is reduced, which is caused by a

combination of light scattering by the GaN nanowires and reduced c lattice spacing

between the MXene nanoflakes.

To evaluate the optical properties and also the material quality of the GaN

nanowires grown on MXene, we performed a micro-PL measurement at 10 K. Cryo-

genic temperature is achieved by using a closed-loop helium-backed cryostat (Janis).

The sample is excited using a 266 nm laser (Teem Photonics), and the results are

shown in Figure 7.5. Near band edge emission from the GaN nanowires is shown

in Figure 7.5 (a). The near band edge emission shows an asymmetrical peak, which

suggest contribution from multiple peaks. Deconvolution using Gaussian peak fitting

reveals three peaks centered at 3.33 eV, 3.42 eV, and 3.45 eV. The strongest peak,

centered at 3.45 eV is attributed to neutral donor-bound exciton transition (D0Xa).
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Figure 7.4: (a) UV-Vis transmittance measurement for fused silica, bare MXene, and
GaN nanowires on MXene. (b,c) corresponding optical photograph of the samples.

The sub-bandgap contribution at 3.42 eV is common in GaN nanowires, and is as-

sumed to rise from surface states[178, 179, 180] and the presence inversion domain

boundaries [173], which are present in our SEM results. The emission at 3.33 eV is

attributed to the presence of basal stacking faults in the GaN nanowires [181, 182],

which occurs due to temperature instability during the growth process. Overall, the

PL peaks are red shifted compared to what is reported in the literature. This might

be caused by the presence of residual strain inside the nanowires, or the presence

of defects and contaminants. Further analysis is required in order find the exact

mechanism for the red shifting.

Power dependent PL performed at 10 K is shown in Figure 7.5 (b), where the

spectra shows the near band-edge emission peak, and another peak centered at around

2.2 eV which is commonly referred to as the yellow defect luminescence peak. The

yellow defect luminescence peak originates from point defects, which can form due to

the presence of Ga vacancy in the n-doped nanowires [183]. At high excitation power,

the peak intensity of the yellow defect luminescence peak is roughly 100 times lower

than the near band-edge emission, which highlights good nanowire material quality.

With change in PL excitation, the ratio between the near band-edge peak and the

yellow luminescence remains relatively constant.
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Figure 7.5: (a) Near band-edge emission photoluminescence spectrum of the GaN
nanowires grown on MXene, performed at 10 K. (b) Power dependent photolumines-
cence spectrum with an excitation power of 0.32 mW, 2.22 mW, and 9.1 mW.

7.5 Nanoscale Electrical Characterization of GaN Nanowires

on MXene

For electrical characterization, the nanowires ensemble are evaluated using conductive

AFM. The top of the n-doped nanowires are contacted using PtIr coated conductive

AFM tip. In this configuration, the C-AFM tip is grounded, while bias is applied to

the sample, in this case the MXene layer. The MXene layer are electrically contacted

to the AFM stage by attaching a copper wire to the area where the MBE sample holder

prevents GaN nanowires from growing. The simplified schematic of the C-AFM setup

is shown in Figure 7.6 (a). In this setup, a negative current value indicates current

flowing from the C-AFM tip to the substrate. We performed voltage sweep from -6

to 6 V, and the tip current is limited from -10 to 10 nA. Therefore, structural damage

due to junction heating in the nanowire is unlikely [111].

The PtIr C-AFM tip, n-GaN nanowire, and the MXene layer configuration creates

a metal-semiconductor-metal interface. In this setup, Schottky barrier is formed is

formed at both ends of the nanowires in both forward and reverse bias [148]. In

the case of heavily doped n-type semiconductor, the thermionic field emission is the
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Figure 7.6: (a) Simplified schematic for the C-AFM measurement setup. (b) I-V
curves obtained from multiple individual nanowires. (c) Simplified band diagram
schematic of the metal-semiconductor-metal interface formed by the C-AFM tip, n-
GaN nanowire, and MXene layer.

dominant mechanism for carrier transport through the Schottky barrier.

Figure 7.6 (b) shows the I-V curve obtained from random sampling of multiple

nanowires. In general, the turn-on voltage under reverse bias (RB) is lower than the

turn-on voltage under forward bias (FB). This can be explained by the difference

of the Schottky barrier height at each ends of the nanowire, depicted in Figure 7.6

(c). At the interface between the PtIr tip and the n-GaN, the Schottky barrier

height is higher compared to the barrier height between the n-GaN and MXene layer.

The high barrier height between the C-AFM tip and the n-GaN can be attributed

to surface states and the presence of native oxide layers on the nanowire sidewalls

[184] and the lack of metal contact on the nanowires. This can be improved through

chemical treatment of the nanowires, which has beem shown to improve the electrical

performance of nanowire device structures[90]. As for the interface between n-GaN

and MXene, assuming complete removal of the MXene functional group and epitaxial

growth, a good contact should be achieved. The Schottky behavior between GaN and

MXene shows that the MXene layer has a potential as a transparent and conducting

nucleation layer for aligned GaN nanowires. However, the exact alignment between

GaN and MXene still needs to be investigated.
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7.6 Conclusions

From our work, we have shown that Ti3C2 MXene is suitable as a nucleation layer

for GaN nanowires, with lattice mismatch as low as ∼3.4% and unique epitaxial

relationship. By carefully adjusting the growth condition of the GaN nanowires,

high-quality nanowires structure can be grown directly on the MXene layers. Op-

tical measurement using low-temperature photoluminescence indicates low number

of point defects. Nanoscale electrical measurement using C-AFM shows a Schottky

contact behavior within the nanowire. The transparency and electrical conductivity

of the MXene/GaN nanowire platform makes it attractive for applications such as

transparent electronics, solar cells, and photoelectrochemical water splitting.
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Chapter 8

Concluding Remarks

8.1 Summary

In summary, we have established the growth, characterization, and device fabrication

process of III-nitride nanowires on unconventional substrates. As the sapphire sub-

strate is limited by its scalability, alternative unconventional substrate such as silicon

wafer and amorphous oxide-based silica substrate are an attractive alternative.

The main advantage of silicon compared to sapphire as a growth substrate is

the availability of large-diameter substrate, and compatibility with existing foundry

processing steps. We have performed the optical and structural characterization of

GaN/InGaN nanowires grown on Si(111) substrate and established a link between

the structural characteristics and the luminescence properties by using nanoscale

cathodoluminescence-STEM method. We found that low growth temperature would

lead to structural imperfections within the active region of the nanowires, which

results in the formation of a localized radiative recombination center with distinct

excitonic recombination properties. This small nanoscale features would eventually

affect the macroscopic optical properties of the nanowires ensemble, resulting in two

distinct photoluminescence peaks. This work highlights the effect of nanowire growth

condition on the structural and optical properties of the nanowires, and the impor-

tance of growth temperature control to achieve the proper bandgap of the active

region of the nanowires.

Another unconventional growth substrate of interest is amorphous fused silica.
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Unlike the sapphire substrate, the amorphous nature of fused silica results in a less

strict requirement during substrate manufacturing. Furthermore, unlike silicon, the

substrate is transparent, which enables applications that require transparency such

as active phosphor, solar cells, and photoelectrochemical water splitting. However, as

the fused silica is amorphous and nonconducting, a proper conductive nucleation layer

must be selected. Also, the nucleation layer must be at least partially transparent to

take advantage of the transparency of the fused silica substrate.

We have shown that it is possible to utilize a thin Ti layer as a semitransparent

growth substrate. The partial conversion of Ti into TiN is favorable for nanowire

growth, as TiN has better lattice matching with GaN compared to GaN and sap-

phire. By using thin Ti as a nucleation layer for spontaneously grown nanowires, we

have realized a facile method to grow highly crystalline InGaN/GaN nanowires LED

structure on top of an amorphous quartz substrate without having to employ com-

plex fabrication steps. The nanowires-based LED emit in the yellow regime, which

is particularly useful for high-quality white light generation. We used this yellow

LED on the amorphous quartz platform in conjunction with RGB laser in a cascade

configuration to generate a high-quality and tunable white light.

Another potential nucleation layer of interest is ITO, as it is widely used in the

industry as a highly transparent conductive electrode material. One of the limiting

factors of using ITO as a nucleation layer for GaN is the high process temperature and

corrosive condition during GaN growth inside an MOCVD reactor. However, by using

plasma-assisted MBE, we were able to grow high-quality GaN nanowires on top of the

ITO layer at a relatively lower temperature, leaving the ITO layer intact. Structural

and optical characterization shows that although the ITO shows rough polycrystalline

surface, the nanowires exhibit single crystallinity. UV-Vis measurement shows partial

transparency, with C-AFM measurement showing that the n-doped nanowires show

rectifying behavior. The platform is attractive for applications such as solar cells and
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photoelectrochemical water splitting.

We have also explored MXene, a new family of 2D materials that exhibit si-

multaneous transparency and conductivity with the added advantage of large scale

production potential. For our work, in particular, we are using Ti3C2 MXene, which

is widely studied and shows suitable lattice parameter matching with GaN. Our work

shows that the Ti3C2 layer assists the nucleation of GaN nanowires on top of the

amorphous fused silica substrate with a unique epitaxial relationship. As the MXene

layer is both transparent and conductive, it is suitable for fabricating devices on top

of the fused silica layer.

This work shows the possibility of utilizing III-nitride nanowire structures on top

of unconventional substrates as the building blocks of optoelectronic devices. Careful

consideration for growth condition and nucleation layer characteristics is required to

ensure high-quality material growth. By selecting the proper nucleation layer, it is

possible to utilize amorphous substrates for the growth of single-crystalline materials,

overcoming the limits of sapphire substrates that is commonly used in commercial

LEDs.

8.2 Future Research Work

We have established the growth process and done extensive material characterization

for transparent nanowire-based device platform grown on unconventional amorphous

substrates using various types of nucleation layers. Based on our results, several works

that can be done, including modification of the nucleation layers, further characteri-

zation, and fabrication of novel devices.

Nanowire LED devices fabricated on transparent amorphous silica substrates have

their advantages, as they do not require the strict crystallinity requirement from their

growth substrate. However, reduced heat dissipation characteristics of the substrate

limit the amount of possible injection current, preventing high-power device applica-
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tions. The low heat dissipation issues can be solved by adjusting the size of the LED

mesa, and further adjust the LED device packaging to add heat sink capability into

the device.

Although we have shown the practical application of using the transparent nanowire-

LED device for high-quality white light generation, there are other applications which

would benefit from the substrate transparency. Examples include using the nanowires

for photoelectrodes in photoelectrochemical water splitting application, and as an

electron transport layer in a solar cell. The transparency would also enable novel

structures such as nanowire growth on both sides of the substrate, which is useful for

tandem photoelectrochemical water splitting in a wired configuration.

The nucleation layer is shown to be crucial in determining the morphology and

orientation of the nanowires grown on top of it. As such, properly tuning the charac-

teristics of the nucleation layer can be beneficial for the subsequent nanowire growth.

In particular, nonpolar a-plane nanowires have been shown to grow on ITO grains

with a specific orientation. Properly studying this effect would be necessary for real-

izing the controlled growth of nonpolar GaN nanowires.

Achieving ohmic contact between the transparent nucleation layer and GaN nanowires

is crucial for various device application. As shown by the C-AFM results, both ITO

and Ti3C2 MXene forms a Schottky contact with n-doped GaN nanowire. As such, a

study in optimal doping level and growth condition of the nanowires to minimize the

Schottky barrier is required. In some cases, it might also be beneficial to deposit a

thin Ti layer on top of the MXene layer to form an ohmic contact while maintaining

good transparency. Such modifications would be a good study for the optimization

of transparent nucleation layer.

Achieving ohmic contact between the transparent nucleation layer and GaN nanowires

is crucial for various device application. As shown by the C-AFM results, both ITO

and Ti3C2 MXene forms a Schottky contact with n-doped GaN nanowire. As such, a



115

study in optimal doping level and growth condition of the nanowires to minimize the

Schottky barrier is required. In some cases, it might also be beneficial to deposit a

thin Ti layer on top of the MXene layer to form an ohmic contact while maintaining

good transparency. Such modifications would be a good study for the optimization

of the transparent nucleation layer.

Beyond the GaN layer itself, modifications of the structural and electrical prop-

erties of the MXene during the growth process is also subject to further studies. For

example, there are indications of Ti3C2 c-plane lattice spacing reduction after MBE

growth, which might be attributed to the removal of intercalants between the MXene

layers. Furthermore, the ultra-high vacuum environment would result in the removal

of the functional groups of MXene, which would modify the work function of the

MXene surface. It would be interesting to see how the irradiation of the MXene layer

by Ga atoms and nitrogen plasma would affect the properties of the MXene layer.
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T. Stoica, and H. Lüth, “Investigation on localized states in GaN nanowires,”

ACS Nano, vol. 2, no. 2, pp. 287–292, 2008.

[153] S. Chichibu, T. Sota, K. Wada, and S. Nakamura, “Exciton localization in

InGaN quantum well devices,” Journal of Vacuum Science & Technology B:

Microelectronics and Nanometer Structures, vol. 16, no. 4, p. 2204, jul 1998.

[154] B. G. Yacobi and D. B. Holt, Cathodoluminescence Microscopy of Inorganic

Solids, illustrate ed. Boston, MA: Springer US, 1990.
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A MBE growth parameter

A.1 Growth of InGaN/GaN quantum disks in nanowires on

silicon substrate

The quantum disks-in-nanowires samples were grown catalyst-free using plasma-

assisted molecular beam epitaxy on a Si(111) substrate. Before growth, the substrate

was cleaned using dilute hydrofluoric acid to remove any native oxide and was then

loaded immediately into the MBE chamber. After loading, the substrate was heated

at 600 ◦C and 900 ◦C to desorb the organic material and any remaining native oxide,

respectively. The structure consists of an n-type Si-doped GaN base, an active region

with eight stacks of the InGaN Qdisks and GaN barrier, and a p-type Mg-doped

GaN top layer. The n-GaN base of the nanowires was grown at 720 ◦C, and the top

p-GaN layer was grown at 640 ◦C. Eight pairs of the InGaN Qdisks and GaN barriers

were grown at Tg 525 ◦C for the LT sample and Tg 540 ◦C for the HT sample with a

constant In/Ga flux ratio throughout the growth. The typical thickness was ~300 nm

for the silicon-doped n-GaN base and ~200 nm for the Mg-doped p-GaN top. The

thicknesses of the InGaN Qdisks and GaN barrier were ~3 and ~5 nm, respectively.

A.2 Growth of InGaN/GaN LED structures on Ti-coated

amorphous quartz substrate

The nanowires-on-quartz samples were grown catalyst-free under nitrogen-rich con-

dition using a Veeco GEN 930 PA-MBE system. A commercial double polished

amorphous quartz substrate (thickness ˜500 µm ) is first cleaned using acetone and

isopropyl alcohol rinse, and dried using nitrogen blow-dry. Before growth, 20 nm
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thick Ti layer was deposited using electron beam evaporation to act as the semitrans-

parent conducting interlayer. After Ti deposition, another round of solvent cleaning

using acetone and isopropyl alcohol is performed. Two rounds of outgassing were per-

formed to remove any moisture and contaminants from the substrate surface. After

loading into the growth chamber, the substrate surface is exposed to nitrogen plasma

to partially convert the Ti into TiN before opening the Ga shutter. The nitrogen was

kept at 1 sccm flow rate and 350 W RF power during nitridation and throughout the

growth process. For n-type GaN:Si nanowire base growth, the Ga beam equivalent

pressure (BEP) was 6.5 × 10−8 Torr while Si cell temperature was kept at 1165 ◦C.

We utilized a two-steps growth method to obtain high quality GaN while controlling

the density of the nanowires. The GaN nanowire nucleation layer was deposited at a

substrate temperature of 620 ◦C for 10 minutes, followed by GaN nanowire growth at

an elevated temperature (770 ◦C). After n-GaN growth, five pairs of InGaN quantum

disks and GaN quantum barriers were deposited as the active region. In BEP was

5× 10−8 Torr and Ga was 3× 10−8 Torr for quantum disk growth. A p-type GaN:Mg

section was grown after the final GaN quantum barrier. Mg cell was kept at 310 ◦C

during p-GaN growth.

A.3 Growth of GaN nanowires on indium-tin-oxide coated

fused silica substrate

The ITO thin film used in this experiment was deposited using RF magnetron sput-

tering method. Before deposition, the silica substrate was cleaned using standard

acetone and isopropyl alcohol solvent cleaning. The deposition was done at ambient

temperature with argon plasma at 60 W RF power, 2.5 mTorr chamber pressure, and

25 standard cubic centimeter per minute (sccm) gas flow rate. Approximately 100

nm thick ITO thin film was deposited directly on bare silica.

The GaN nanowires samples are grown using a Veeco Gen 930 plasma-assisted
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molecular beam epitaxy (PA-MBE) reactor. Before MBE growth, the ITO-coated

silica substrate was annealed inside a rapid thermal annealing (RTA) furnace at 650 ◦C

under Ar ambient for 5 minutes in order to improve the crystallinity of the ITO

layer. Before loading into the chamber, the samples are cleaned using a standard

solvent cleaning method. The samples undergo subsequent thermal cleaning at 200 ◦C

and 650 ◦C inside the MBE load lock and preparation chamber in order to remove

moistures and other contaminants, respectively.

During nanowire growth, we use a Ga beam equivalent pressure (BEP) value of

1×10−7 Torr according to the BFM ion gauge reading. All substrate temperatures are

measured using the thermocouple of the MBE growth chamber. In order to promote

nanowire growth, an initial seeding layer was deposited at 500 ◦C, before the substrate

temperature was raised to 700 ◦C for the nanowire growth.

A.4 Growth of GaN nanowires on Ti3C2 MXene layers

The MXene-coated fused silica was cleaned using acetone and isopropyl alcohol, fol-

lowed by nitrogen blow dry. No water was used during the cleaning procedure in order

to prevent MXene layer delamination. Thermal cleaning was performed inside the

MBE preparation chamber at 650 ◦C under a background pressure of 1×10−9 Torr.

InGaN/GaN nanowire growth is performed inside the MBE growth chamber, under

nitrogen rich condition. The nucleation and growth of n-GaN was performed using a

single growth step at 800 ◦C. N-doping was incorporated using Si cell kept at 1220 ◦C.

Throughout the growth, the nitrogen plasma condition was kept at 1 sccm flow rate

with 350 watt RF power.
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B Process parameters

B.1 Nanowire LED device fabrication

The fabrication process for the nanowire LED device described in this work is per-

formed in KAUST’s thin film core laboratory and nanofabrication core laboratory.

For the first step, the key difference between GaN nanowire device fabrication

described in this work and thin film LED fabrication is the requirement for device

planarization. As the nanowire-based LED comprises of separate nanowire array, a

dielectric filling material must be deposited in the space between the nanowires to

prevent device shorting during the subsequent metal deposition procedures. Sev-

eral different options are available for the filling material as demonstrated by various

groups, such as spin-on glass, polyimide, and parylene. In our group, we chose pary-

lene C deposited through evaporation. The deposition process is followed by O2

reactive ion etching (RIE) plasma etching of to expose the tips of the nanowire.

After this process, a transparent p-contact layer using Ni/ITO is deposited. Prior

to the deposition, a quick acid cleaning using buffered oxide etch might be performed

to remove the oxides from p-GaN surface. 10 nm of Ni is deposited through e-

beam evaporation, followed by deposition of 200-250 nm of ITO using RF magnetron

sputtering. After contact deposition, the device is annealed using rapid thermal

annealing (RTA) furnace at 500 ◦C under Ar ambient to form ohmic contact between

p-GaN and the p-contact layer.

After p-contact deposition, the device is patterned using standard UV photolithog-

raphy to make mesa pattern. The device is etched using ICP RIE plasma etching

using Cl2 and Ar gas to expose the n-GaN layer. To completely remove the nanowire
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layer, the device is dipped inside a KOH solution to selectively remove the remaining

n-GaN layer.

After mesa formation, the p- and n-contact layer is formed simultaneously using

photolithography. The metal (either Ni/Au or Ti/Au) is deposited using e-beam

evaporation followed by lift-off process.

B.2 ITO nucleation layer preparation

The ITO nucleation layer was prepared using RF magnetron sputtering. The process

parameters are described in Table B.1.

Table B.1: Sputtering parameter for ITO nucleation layer preparation.

Rotation yes
Height 180
Gas Ar
Gas flow rate 25 sccm
Chamber pressure 2.5 mT
Plate temperature 25 ◦C
Deposition time 6×20 min.

After deposition, the ITO-coated fused silica is annealed in a rapid thermal pro-

cessing furnace at 650 ◦C for 5 minutes under Ar ambient in order to improve the

crystallinity of the layer.

B.3 MXene layer preparation

Ti3C2 MXene synthesis: Ti3AlC2 (layered ternary carbide MAX phase) powder was

purchased from Carbon-Ukraine Ltd. (particle size ¡ 40µm). 1g of Ti3AlC2 MAX

phase powder was slowly immersed into a mixture solution of 20ml 9M HCl and 1g of

LiF under magnet stir, which was cooled by ice bath to minimize localized heat from

initial exothermic reaction. The mixture solution was kept at 35 ◦C with magnet stir

in oil bath, for 24 hours. The mixture was transferred to a centrifuge tube and washed
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several times with additional DI water to make total volume of 50 ml. Each wash

was performed by centrifuge at 3000 RCF for 5 min. The supernatant was decanted,

and the sediment was redispersed into DI water by hand shaking. Once the pH of the

supernatant reached around 6, the final centrifuge was done at 500 RCF for 30 min

after redisperse of the sediment in DI water. The supernatant solution containing

delaminated 2D MXene nanosheets were collected and used for spray coating.
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