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SUMMARY

As a multifunctional oxide semiconductor, ZnO has attracted substantial interest for a
wide range of applications, including transparent conductors, UV light-emitting diodes
(LEDs) and laser diodes, chemical and biochemical sensing, field emitting devices, dye-
sentitized solar cells and host for diluted magnetic semiconductor. On the other hand,
nanostructures made of various materials including ZnO, such as nanowires (NWs),
nanobelts, nanoribbons, etc, are an emerging class of one-dimensional and quasi-one-
dimensional materials that have been extensively studied as fundamental building blocks
for nano-scale science and technology in the last period. This thesis focuses on the
fabrication of various high quality crystalline ZnO nanostructures by using the vapor-
phase transport (VPT) method and their subsequent characterizations. The emphasis is
devoted to the enhancement of photoluminescence properties by plasma immersion ion
implantation (PIII) surface modification, the application of ZnO NWs as templates for
growth of other oxide materials, and applications in p-» homojunction LEDs.

Two new morphologies, microraft with diamond-shaped cross section and resistor-
shaped NW composed of a pair of crystallites, have been successfully fabricated by VPT
method from ZnO and graphite powder at atmosphere pressure. Although the growth
conditions are similar for both morphologies, by varying the partial pressure of the growth
species and the amount of Cu and water during growth, the end products are totally

different. The experimental details, characterization and analysis results of the microraft
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and resistor-shaped NWs are presented in Chapters 3 and 4, respectively. Growth
mechanisms have been proposed to explain the formation of these two morphologies.

Controlled synthesis and repeatability are important in nanostructure fabrication. We
have achieved the controlled synthesis of nanocombs (NCBs), random nanowires (RNWs)
and aligned nanowires (AN Ws) by varying the oxygen partial pressure, as is presented in
detail in Chapters 5 to 8. However, due to the large surface-to-volume ratio, the defect
luminescence becomes dominant as size reduces. In Chapter 5 and 6, we shall
demonstrate UV photoluminescence enhancement by PIIl surface modification. By
implanting Ti/Ni ions into the shallow surface of the nanostructure, the recombination of
surface excitons (SXs) we observed at low temperature can be quenched and hence the
UV emission is improved at room temperature (Chapter 5); the defect emission (or green
emission) can be completely quenched as well (Chapter 6). The surface passivation by
PIII has been discussed in both Chapters. We have also demonstrated that PIII can be a
useful tool to directly probe the native surface defect depth in terms of the ion
implantation depth, which is also closely related to the surface-sensitive properties (field
emission, gas sensing etc.) and applications of metal oxides.

With the success in fabricating RNWs, Chapter 7 presents the application of single-
crystalline ZnO NWs as a template to fabricate ternary Zn,TiO4 spinel NWs, through the
solid-state reaction of Ti and ZnO from a ZnO/Ti core/shell structure. The fabrication
consists of three steps: (1) fabricating ZnO NWs, (2) coating them with an amorphous
layer of Ti by magnetron sputtering, and (3) thermal annealing at 800°. Detailed TEM
investigations revealed the twinned structure of Zn,TiO4. The origin of the twinned

structure of Zn,TiO4 spinel NWs is discussed.
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With the success in fabrication ANWSs, Chapter 8 presents the application of ZnO
NWs in p-n homojunction LEDs. The p-» junctions were formed by As® ion implantation
into the top layer of ANWs followed by thermal annealing. These As-doped single NW
LEDs were probed using a nanomanipulator, and showed good rectification /-V
characteristics. Strong electroluminescence in red region has been observed. Distinct EL
emissions in red region were observed at room temperature under forward bias, where the
emission intensity increases exponentially with injected current, suggesting high

efficiency of these LED:s.
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1D One dimensional
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CCD Charge coupled device
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FESEM Field emission scanning electron microscopy
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HRTEM High-resolution transmission electron microscopy
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PL Photoluminescence
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RSNW Resistor-shaped nanowire

SAED Selected-area electron diffraction
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Chapter 1 INTRODUCTION

Nanotechnology refers broadly to a field of applied science and technology with a
unified theme of control of matter and fabrication of devices at the nanometer scale. It is a
highly multidisciplinary field, drawing from fields such as applied physics, materials
science, colloidal science, device physics, supramolecular chemistry, and even mechanical
and electrical engineering. Much speculation exists as to what new science, technology
and application may result from researches in this direction.

A widely accepted definition of a nanostructure is a system in which at least one
dimension is < 100 nm." Two-dimensional (2D) quantum wells, one-dimensional (1D)
quantum wires, and zero-dimensional (0D) quantum dots are the typical structural forms.
Quantum effects due to size confinement in nanostructures occur when the characteristic
size of the object is comparable to the critical lengths (typically 1-10 nm) of the
corresponding physical processes, such as the mean free path of electrons, the coherence

length, or the screening length.

1.1 Study on 1D nanostructures

Nanoscale 1D and quasi-1D materials, such as wire, rods, belts, and tubes have
stimulated great interest due to their importance in basic scientific research and potential
technology applications.” It is generally accepted that 1D nanostructures provide a good
system to investigate the dependence of electrical, thermal transport, and mechanical

properties on dimensionality and size reduction (or quantum confinement). Many unique
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and fascinating properties have been proposed and demonstrated for this class of
materials, such as metal-insulator transition, superior mechanical roughness, higher
luminescence efficiency, enhancement of thermoelectric figure of merit, lowered lasing
threshold, size-dependent excitation or emission, quantized (or ballistic) conductance,
Coulomb blockade (or single-electron tunneling, SET), etc.”® 1D materials can also be
used as both interconnects and functional units in fabricating electronic, optoelectronic,
electrochemical, electromechanical, bioelectrical and photonic crystal devices.> "' The
field of nanomaterials and nanotechnology represents an exciting and rapidly expanding
research area crossing the borders between the physical, chemical, life and engineering

sciences.

1.2 Requirement for an ideal semiconductor nanostructure

The main requirements for an ideal semiconductor nanostructure are listed below. In
practice the relative importance of these requirements will be dependent upon the precise
application being considered:

Size: An ideal semiconductor nanostructure should have small size dispersion with at
least one dimension < 100 nm.

Optical and structural quality: Semiconductors produce light when an electron in the
conduction band recombines with a hole in the valence band — a radiative process.
However, electron-hole recombination may also occur without the emission of a photon in
a non-radiative process. Such processes are enhanced by the presence of certain defects
which form states within the band gap. If non-radiative processes become significant then

the optical efficiency - the number of photons produced for each injected electron and
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hole — decreases. For optical applications, nanostructures with low defect density are
therefore required. Poor structural quality may also degrade the carrier mobility.

Uniformity: Typical devices contain a large number of nanostructures. Ideally each
nanostructure should have the same shape, size, and composition.

Doping: Realization of stable, repeatable, reliable, and conductive »n- and p-type
doping is necessary for practical applications

Assembly: Following the “bottom-up” fabrication strategy, achieving the capability to
manipulate single 1D nanostructures, as well as the ability of industrial-scale fabrication

and assembly are important for practical applications.

1.3 Controlled Growth of 1D Nanostructures

An important issue in the study and application of 1D materials is how to assemble
individual atoms into 1D nanostructures in an effective and controllable way. In
comparison with quantum dots and wells, the advancement of 1D nanostructures has been
slow until recently, as hindered by the difficulties associated with the synthesis and
fabrication of these nanostructures with well-controlled dimensions, morphology, phase
purity, chemical composition, and assembly of them. Various methods have been
developed for making nanostructures. Generally, there are two philosophically distinct
approaches for creating small objects, which can be categorized as top-down and bottom-
up approaches. The biggest problem with top-down approaches, such as X-ray or
extreme-UV lithography,'” electron-beam (e-beam) or focused-ion-beam (FIB) writing,'*"

15, 16

'* and proximal-probe patterning, is that these processes generally are slow and the

cost is high. The bottom-up approach, in which functional electronic structures are
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assembled from chemically synthesized, well-defined nanoscale building blocks, much
like the way nature uses proteins and other macromolecules to construct complex
biological systems, represents a powerful alternative approach to conventional top-down
methods.'” '® The bottom-up approach has the potential to go far beyond the limits of top-
down technology by defining key nanometer scale metrics through synthesis and
subsequent assembly. They might provide an alternative and intriguing strategy for
generating 1D in terms of material diversity, cost, throughput, and the potential for high-
volume production.'®°

The essence of 1D nanostructure formation by a bottom-up approach is crystallization,
a process that has already been investigated for hundreds of years.”"** Growth of a solid
from a vapor, liquid, or solid phase involves two fundamental steps: nucleation and
growth. As the concentration of the building blocks (atoms, ions, or molecules) of a solid
becomes sufficiently high, they aggregate into small clusters (or nuclei) through
homogeneous nucleation or heterogeneous nucleation when the surface is another
material. With a continuous supply of the building blocks, these nuclei can serve as seeds
for further growth to form larger structures. Although crystallization has been studied for
a long time, very little is quantitatively known. Neither is it trivial to achieve a complete
control over this process. It is generally accepted that the formation of a perfect crystal
requires a reversible pathway between the building blocks on the solid surface and those
in a fluid phase (i.e., vapor, solution, or melt).>"*® This condition allows the building
blocks to adopt correct positions in developing the long-range-ordered, crystalline lattice.
In addition, the building blocks also need to be supplied at a well-controlled rate in order
to obtain crystals having a homogenous composition and uniform morphology.*® In the

past several years, a variety of chemical and physical methods have been reexamined as
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the “bottom-up” approach for generating anisotropic 1D growth.”** Two kinds of well-
accepted spontaneous growth mechanisms through a gas-phase reaction have been

involved: the vapor-solid (VS) and the vapor-liquid-solid (VLS) processes, respectively.

1.3.1 Some basics of vapor-phase crystal growth

Vapor-phase transport (VPT) is a widely available technique. It has been extensively
used in the literature by a number of different groups to deposit a variety of nanostructure
morphologies. In order to understand the growth mechanism which is critical in
controlling and designing nanostructures, some basics of the vapor-phase growth
mechanism are briefed in this section. The growth of a nanostructured crystal is affected
by many factors, such as adsorption and desorption of the growth species onto and from
the growing surface, surface diffusion of adsorbed growth species, irreversible surface
growth in a system with high concentration growth species, and desorption of by-
products.”® The rate-limiting step is either adsorption-desorption of growth species on the
surface or surface growth. In a growth system where the growth rate is limited by the
adsorption and desorption of the growth species (i.e., the supersaturation or concentration
of growth species is low), the growth rate is determined by the condensation rate J
(atoms/cm” sec), which is given by:

J= aoPy

e I.1
2nmkT a.nh

where o is the accommodation coefficient, which is surface-specific property, 6=(P-Py)/Py
is the supersaturation of the growth species in the vapor in which Py is the equilibrium

vapor pressure of the crystal at temperature 7, and P is the partial vapor pressure, m is the
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atomic weight of the growth species and £ is the Boltzmann constant. The growth rate is
directly proportional to P, a, and o. A significant difference in a in different facets would
result in anisotropic growth.

On the other hand, in a growth system where the growth rate is limited by the
irreversible surface growth (i.e., the growth specie concentration is high), the growth rate
becomes independent on the concentration of growth species. However, a high
concentration or vapor pressure of growth species in the vapor phase would increase the
probability of defect formation, such as impurity inclusions and stacking faults. It may
also result in a secondary nucleation on the growth surface or even homogeneous
nucleation,” which would effectively terminate the epitaxial or single crystal growth.

It should be noted that in order to realize anisotropic growth to obtain 1D
nanostructures, a low supersaturation is required. Ideally, the concentration is higher than
the equilibrium concentration (saturation) of the growth surface, but equal or lower than
that of other non-growth surfaces. In comparison, a medium supersaturation supports bulk
crystal growth, and a high supersaturation results in secondary or homogeneous

nucleation leading to polycrystalline structure or powder formation.

1.3.2 Kinetics of anisotropic growth via VS growth mechanism

The VS process is also referred to as evaporation-condensation process, which is a
catalyst- and template-free method. Chemical reactions among various precursors may be
involved to produce desired materials. The driving force for the synthesis of nanowires
(NWs) by spontaneous growth is a decrease in Gibbs free energy, which arises from either

recrystallization or a decrease in supersaturation. Compared with solution methods and



ATTENTION: The

University Library

Chapter 1 Introduction

thin film growth techniques, the NWs growth by VS methods are commonly single
crystals with fewer imperfections. The formation of 1D nanostructures through the VS
process is due to anisotropic growth, which results from several factors, such as the
difference in growth rates of different crystal facets, presence of imperfections in specific
crystal directions, and preferential accumulation of specific facets etc.”

The nucleation and growth of nanostructures by the VS process can be explained as
follows. The vapor of growth species is firstly formed either by physical or chemical
reaction of source materials. Nucleation of the growth species on substrate occurs due to
supersaturation of the vapor in the gas phase. For condensation of the vapor phase species,
the critical nuclei diameter, d,, depends on the supersaturation by the relation®

40 Q

c:len(P /Pg) (1.2)

where o is the interfacial or surface energy, Q is the molar volume, 7' is the temperature of
the substrate, P is the partial pressure of the growth species, and P, is the vapor pressure
of the growth species at equilibrium. Both P and P, are functions of temperature.
Therefore, as the temperature increased, the P/P,, which is the supersaturation ratio
(usually >1), remains constant, and the critical nuclei diameter is inversely proportional to
the temperature.

We have shown in Equation (1.2), the diameter of the nanostructure is mainly
determined by temperature; in addition, the site where growth species prefer to stay
determines the shape of nanostructure. Briefly, the morphology of the nanostructure in VS
process is controlled by the crystal growth kinetics. The probability of nuclei formation is

given by25
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o2

k2T2In (P/PO))

Py=Bexp(— (1.3)

where B is a constant, 7" is the growth temperature, and the rest of the parameters were
defined previously at Equation (1.2). The surface energy is related to the crystal plane; a
low-index crystal plane is of lower surface energy. According to Equation (1.3), the lower
the surface energy, the larger the nucleation probability on the crystal faces. On the other
hand, an atom adsorbed on a low-energy surface has low binding energy and a high
probability of desorption. Competition and coordination of the two processes are
responsible for the formation of the low-index crystal planes enclosing the nanostructure.
The temperature and the supersaturation ratio are two parameters controlled by processing
conditions. Lower temperature and lower supersaturation ratio promote the growth of
wire-like structures. Therefore, in the VS method, the temperature and the supersaturation
ratio are the two dominant processing factors in controlling the morphology of the
products.

This method has been intensively studied to grow various 1D nanostructured material
and most of the work have been done since 2000, such as metals (W,Z6 Zn,27 Sn,zg), [1-v
semiconductors (AIN,29'31 InN>? ), 1I-VI semiconductors (CdS”, ZnS* 35) v
semiconductors (SiC36), and metal oxides (ZnO,37’ 38 CuO,39 Si0,,% Fe 05,4 Ti0,%
In;03*). However, this method is limited due to relatively high evaporation temperature

needed.
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1.3.3 VLS growth mechanism: catalyst-assisted growth

In the VLS growth, a second phase material, commonly referred to as either impurity
or catalyst, is purposely introduced to direct and confine the crystal growth to a specific
orientation and within a confined area. Wagner ef al.”! first proposed the VLS theory over
40 years ago to explain the experimental results and observations in the growth of Si
micrometer-sized whiskers. The theory and models were further elaborated by

2 and recently reexamined by Lieber,** Yang,®® Wang,* and many other

Givargizov,’
research groups.® The VLS process has now become a widely used method for growing
ID nanostructures from a rich variety of inorganic materials that include elemental
semiconductors (Si, Ge, and B),44’ 4748 11-V semiconductors (AlN,49 GaN,>% 3! [nN,>?
GaP,53’ % GaAs, " lnP,54’ ST 1nAs™® 58), [[-VI semiconductors (ZnS,54’ 59, 60 ZnSe,54’ 61
CdS,** %2 cdSe™ %), and most of the oxides (ZnO,** Ge;03.,%° n,05,%° $n0Q,*¢7 Mg0,** ¢
Si0,,"%" ALO;™). The NWs produced using the VLS approach are remarkably uniform

in their diameter, which is usually of the order of tens or hundreds of nanometer and

>1um in length.

Growth species diffuse and Vapor
dissalve into a liquid droplet. &

. l 'd Supersaturation \
/\‘(\

Nucleation

Growth species precipitation al  Unidirectiona) axial
the substrate-liquid interface growth

Liquid alloy droplet having a large
surface accommodation cocfficient.

Figure 1.1 Schematic diagram showing the principle steps of the vapor-liquid-
solid growth technique: (a) initial nucleation between vapor and catalyst (Au
usually), (b) incorporation of growth species into crystal structures, (¢) continuous

anisotropic growth of crystal.”
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In a typical VLS growth, the process can be simply described as sketched in Figure 1.1.
The growth species are evaporated firstly, then they diffuse and dissolve into a liquid
droplet. ldeally, the growth species and catalyst should be able to form eutectic
compounds. The surface of the liquid has a large accommodation coefficient, and is
therefore a preferred absorption site for incoming vapor reactants. Saturated growth
species in the liquid droplet will diffuse to and precipitate at the interface between the
substrate and the liquid. The precipitation will first follow nucleation and then crystal
growth. Continued precipitation or growth will separate the substrate and the liquid
droplet, resulting in the growth of NWs (See Figure 1.2).2"*** The 1D growth is mainly
induced and dictated by the liquid droplets, which is analogous to a catalyst in a chemical
reaction; the sizes of the liquid droplets remain essentially unchanged during the entire
process of wire growth. In this sense, each liquid droplet serves as a soft template to
strictly limit the lateral growth of an individual wire, and thus the density and diameter of

the wire could be controlled.
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Figure 1.2 The compositional and phase evolution during the NW growth

20
process.
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Figure 1.3 In situ TEM images recorded during the process of a Ge Nw.™

76 ete., NW growth was conducted

Recently, real-time observation of Ge, Si, In;Se;,
in high-resolution in situ transmission electron microscopy (TEM), identifying typical
VLS growth processes. The in situ TEM images of a growing Ge NW with Au catalyst
are shown in Figure 1.3. Figure 1.3 (a-c) shows the alloying process where the Ge and Au
form an alloy and liquidity with increasing amount of Ge vapor condensation and
dissolution. Figure 1.3 (d) and (e) show the nucleation occurs in a supersaturated alloy
liquid. Figures 1.3 (d-f) show the axial growth of the Ge NW, where the incoming Ge
species prefer to diffuse to and condense at the existing solid/liquid interface, and the
existing interface will then be pushed forward to form a NW.

Although this growth model has been widely accepted, improvement is necessary to
explain the experimental observations for some specific materials. Several accompanied
growth models, such as oxide-assisted growth,48 epitaxial growth’ etc, have been
suggested to complement the conventional VLS theory. The oxide-assisted growth
emphasizes that it is essential to form a thermodynamically unstable oxide phase. At low
temperature, decomposition of the unstable oxide provides the nucleus for NW formation

and temperature gradient provides the driving force for NW growth. The epitaxial growth

emphasizes the function of a lattice-matched substrate in forming epitaxially grown
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aligned NWs. It is worth mentioning that these approaches also work without the presence

323335 which simplifies the process for the

of a metal catalyst in some circumstances,
purification and subsequent applications of the NWs. It is also suggested by Wang et al”
that the VLS could be more probably described by a vapor-solid-solid (VSS) mechanism.
In their experiments, no eutectic phase of Zn and Au could be detected in the as-grown

Zn0 nanowires. They also suggest that the growth of ZnO proceeds by surface diffusion

rather than bulk diffusion.

1.3.4 Other nanostructure growth methods

1.3.4.1 Wet-chemical method

Wet-chemistry is the most successful technique for shape-selective synthesis of
quantum dots, wires, tetrapods and multi-branched heterostructures. A great advantage of
this approach is that it does not require an expensive experimental set-up, as well as low
temperature growth. However, the nanocrystals length typically does not exceed a few
hundred nanometers, which limit their suitability for some applications. Also, these
methods usually result in poor crystal quality compared with VPT grown crystals, due to
ion impurities involved and the formation/presence of an amorphous phase inherent for
depositions carried out at low temperatures. In addition, selective growth of the
nanostructures in defined positions on a substrate is difficult, and therefore requires post-
deposition handling. Only recently, ZnO NWs selectively grown on lithographically

patterned Si has been realized via a solution method.”’
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1.3.4.2 Template-based synthesis

The template-based synthesis of nanostructured materials is a very general method and
can be used in fabrication of nanorods (NRs), NWs, and nanotubes made of polymers,
metals, semiconductors and oxides. The most commonly used and commercially available
templates are anodized alumina membrane (AAO),” and radiation track-etched polymer
membranes.”” The pores are arranged in a regular hexagonal array and densities as high as
10" pores/cm? can be achieved. Pore size ranging from 10 nm to 100 um can be created.

The template can be applied to wet-chemical and vapor-phase depositions, such as
electrochemical, electrophoretic, chemical vapor deposition etc.; direct filling of the
template to synthesize nanostructures using colloids, melt and solutions have also been
reported.®® Although oxides synthesized by these methods can be 10 nm thick and tens
micromenter long, they are usually polycrystalline, and the growth is not site selective as

well.

1.4 Surface modification by plasma immersion ion implantation

When the size of a crystal structure decreases, the surface area increases, resulting in
more surface-related defects. Therefore, the properties of a nanostructure, such as gas-
sensing, field emission and PL, etc, are much more sensitive to its surface states than that
of bulk material. By quenching these surface states, surface modification allows us to
improve those surface-related properties. Plasma immersion ion implantation (PIII) is a

8184 which was initially developed by

well developed surface modification technique,
Conrad® in 1987 as an alternative to overcome some limitations of conventional ion

implantation. It is a simple, non-line-of-sight process, as opposed to conventional
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beamline ion implantation; non-planar samples can be implanted with good conformality
and uniformity without special sample manipulation. Compared to conventional ion
implanters, this technique is able to reduce processing times for a larger area and at a
lower cost, and it has been mostly applied to conductive or semi-conductive materials.
During PIII, the substrate is immersed in plasma and negative voltage pulses can be
applied to implant ions from the plasma to the surfaces. The modification depth can be
well controlled by the bias voltage, which is suitable for surface modification of thin films
and nanostructures with complicate morphologies.®" ® Current research of the PIII is
focused on modification of polymer and diamond-like carbon film, and impurity doping,
ete.?# 88587 However, the surface modification of nanostructures by PIII has been much

less investigated in the previous literatures.

1.5 ZnO 1D nanostructures-focus of this thesis

1.5.1 Motivation

Due to its distinguished performance in electronics, optics and photonics, fabrication
of ZnO thin films has been an active field for their applications in sensors, transducers,
and catalysts, ever since 1960s. The interest in ZnO structures has increased drastically in
recent years, as can be seen from a surge of relevant number of publications since 2000,
including numerous conferences, workshops, and symposia by more than 2000 records
since year 2005, compared to slightly beyond 100 in 1970 (sources: INSPEC, Web of
Science).

The nanostructured ZnO is a multifunctional material with great potential for a variety

of practical applications, such as piezoelectric transducers,®® optical waveguides, surface

14
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acoustic wave devices, varistors, phosphors, transparent conductive oxides, functional

8990 and UV-light emitters/detectors.”’ > Its wide

spin-electronic devices, field emissions,
band gap (=3.37 eV at room temperature) makes ZnO a promising material for photonic
applications in the UV or blue spectral range, while the high exciton-binding energy (60
meV)’! allows efficient excitonic emission even at room temperature. This binding energy
increases further in ZnMgO/ZnO/ZnMgO quantum wells.”® The bandgap of ZnO could
also be turned from 3.37 eV (at room temperature) to 4 eV by alloying with Mg’ and to
2.9 eV for the ZnCdO alloys.”"*” Bandgap tuning by transition metals, such as Mn, Co,
and Ni, etc.,”® has also been reported. ZnO based quantum wells are of type I, thus ideal
for optoelectronic devices which need electrical and optical confinement. In addition, ZnO
doped with transition metals shows great promise for spintronic applications.”’ *° 1t has
also been demonstrated that ZnO nanostructure-based gas sensors for H,, CO, NHj, etc,
are suitable for sensing applications.® Also, ZnO is biocompatible which makes it suitable

for biomedical applications.'” Last but not least, ZnO is chemically stable, bio-

compatible, and has abundant mineral sources.

1.5.2 Properties of ZnO

1.5.2.1 Crystal structures

ZnO has three possible crystal structures: wurtzite-type, cubic zinc blend-type and
rock salt structures, respectively. Under most circumstances, it crystallizes in the
hexagonal wurtzite-type structure (Figure 1.4). In this structure, it has a polar hexagonal
axis, the c-axis, chosen to be parallel to z. The point group is 6 mm or Cs,, the space group

P63mc or Cg,’. One Zn ion is surrounded tetrahedrally by four O ions and viceversa. In

15
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contrast to other 11°-V]1 semiconductors, which exist both in the cubic zinc blende and the
hexagonal wurtzite-type structures (such as ZnS, which gave the name to both structures),
ZnQO crystallizes with great preference in the wurtzite-type structure. The cubic zinc
blende-type structure can, to some extent, be stabilized by epitaxial growth of ZnO on
suitable cubic substrates, while the rock salt structure is stable only under pressure.'®’

The lattice constants of wurtzite ZnO at room temperature determined by various
experimental measurements and theoretical calculations are in good agreement. The
lattice constants mostly range from 3.2475 to 3.2501 A for the a parameter and from
5.2042 to 5.2075 A for the ¢ parameter. It has been reported that free charge is the
dominant factor responsible for expanding the lattice proportional to the deformation
potential of the conduction-band minimum and inversely proportional to the carrier
density and bulk modulus.”’ The point defects such as zinc antisites, oxygen vacancies,
and extended defects, such as threading dislocations, also increase the lattice constants,
albeit to a lesser extent in the heteroepitaxial layers.”’

The tetrahedrally coordinated wurtzite-type crystal structure is a characteristic for
covalent chemical binding with sp® hybridisation. The bonding nature between Zn and O
ions is right between covalent and ionic binding, while the Group IV element
semiconductors like diamond, have completely covalent bonding , and group Group I1*-VI
and I*-VIII insulators like MgO or NaCl have completely ionc binding. Due to this
fraction of ionic binding of ZnO, the bottom of the conduction band is formed essentially
by the 4s levels of Zn®" and the top of the valence band by the 2p levels of O*. The band
gap of ZnO between the conduction band and the highest valence band is about 3.437 eV

at low temperatures.

16
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a

Figure 1.4 Unit cell of the crystal structure of ZnO. The light grey/yellow spheres
correspond to oxygen, the dark/blue ones to zinc. The primitive translation
vectors a and b include an angle of 120° and are situated in the base plane. ¢ is

orthogonal to them.'"'

The fact that ZnO has partial ionic bonding and lacks a center of inversion results in
piezoelectricity. As shown in Figure 1.4, the hexagonal unit cell contains two formula
units (A formula unit is the empirical formula of an ionic or covalent network solid

compound for stoichiometric calculations. In ZnO unit cell, it is Zn,O,) and the crystal

exhibits basal polar planes [oxygen terminated (000 1) faces and tetrahedron corner-

exposed Zn faces (0001) as well as two types of low-index faces consisting of non-polar

faces (1000) and Cy, symmetric ones]. The low-symmetry non-polar faces, with 3-fold
coordinated atoms are the most stable ones. Additionally, there is no center of inversion in
the wurtzite structure and thus, an inherent asymmetry along the c-axis is present allowing
the growth of anisotropic crystallites and nanostructures. In addition to the inherent
anisotropy along the c-axis, the wurtzite structure shows piezoelectric activity, which is
currently being studied for building nano-scale electro-mechanically coupled sensors and

transducers®® due to a large and permanent electric dipole moment, which have been

17
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observed experimentally to scale with the volume of the nanocrysta 2 The unique polar

surfaces in ZnO: the basal plane, + (0001), as well as 0111 planes, induce a dipole

moment and spontaneous polarization, as well as a divergence in surface energy. The

spontaneous polarization dominated by + (0001) polar surfaces was the main driving force

in forming nanosprings and nanorings, while {10 11}-type polar surfaces have been
observed in a nanohelical structure.® Due to the absence of inversion symmetry in
wurtzite structure, second-order dipole moments are of even greater amplitude compared
to other (homo)polar crystals.m3 The three coefficients of the piezoelectric tensor, d)s, ds,

and ds3, are rather large, with values around -10, -5, and 12x 102 mv™, respectively.91

1.5.2.2 Electrical properties of undoped ZnO

There has been an intense study on the electrical properties of undoped ZnO material
(films, single crystals and 1D nanostructures), both experimentally and theoretically.”!
The un-doped ZnO is an intrinsic n-type semiconductor, which is related to the oxygen
vacancies, i.e., higher oxygen vacancy density results in a higher electron density.'"

Table 1.1 below summaries the electrical parameters of wurtzite ZnO crystal.
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Table 1.1 Electrical properties of wurtzite ZnO."*>!'"’

Parameters Value

Zero-frequency dielectric constant g§=8,8£{),4, £5+0.3

Static dielectric constant el =11, el:=8.5 |

Bulk dielectric constant g =3.7

Static relative permittivity £6;=6.51

Energy gap 3.37 eV, direct

Intrinsic carrier concentration <10° cm™ (max n-type doping >10% ecm™ electrons;

max p-type doping <10" cm” holes
Electron effective mass 0.24
Electron Hall mobility at 300 K for low 200 cm®/Vs
n-type conductivity
Electron effective mass of quantum sized  0.24-0.28
clusters |

Hall effective mass 0.59

Hole Hall mobility-at 300 K for low p- 5-50 cm*/Vs
type conductivity |

Hole effective mass of quantum sized 0.45-0.59
clusters

Resistivity with electron concentration of 7.06 Qcm
10"/em’

Mobility (NW) 8.85 cm’/Vs

1.5.2.1 n- and p-type doping of ZnO

The main problem for the application of ZnO for electro-optic devices is ambipolar
doping. This problem is frequently found in wide-band-gap materials and occurs when
doping of one type (e.g. n-type conductivity due to electrons in the CB) is easily up to

high densities, while the opposite type (in this case due to holes in the VB) is hardly
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achievable. The semiconductors ZnO, ZnSe, CdS or GaN are, for example, generally n-
type while ZnTe is generally p-type.

Similar to the n- and p-type doing of elemental Si semiconductor, one would choose
to substitute Zn or O with atoms which have one electron more in the outer shell than the
atom (Group III elements Al, Ga, and In) which they replace for n-type doing, and vice
versa (Group I elements Li, Na, or K, Group I° elements Cu and Ag, Group V elements N,
P, or As) for p-type doing. Basically, good donors or acceptors should have an ionic
radius close to that of the host ion in order to retain the lattice structure, and must also
have close electronegativity to make energetically favorable its incorporation into the
lattice. Table 1.2 summarizes the valence and ionic radii of candidate dopant atoms for
Zn0.

It has been demonstrated that Al, Ga, and In are good shallow and efficient donors
when they replace Zn according to the equation:

D°o D +e, (1.4)
where D° and D" are the neutral and ionized donors, respectively, and the equilibrium at
room temperature is essentially on the right-band side of Equation (1.4). Electron
concentrations beyond 10*° em™ are obtained in ZnO:Al or ZnO:Ga, which even at room
temperature result in a degenerate electron gas in the conduction band.'®®

The problem of p-type doping of ZnO with Li, Na, K, Cu, and Ag is that they are
usually deep acceptors with ionization energies around a few hundred eV, that is, much
larger than kg7 at room temperature. As shown in Equation (1.5) below, the equilibrium at
room temperature is on the left-hand side:

A’ & A+ hole (1.5)
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Table 1.2 Valence and ionic radii for candidate donors and acceptors of ZnO.

Atom Valence Ionic radius (A)
Zn . T
Al 3+ 0.39

Ga ' e B 0.47

W 3  oe2

o . . . B 0 0.59

Na 1+ | 1;13

K 1+ ' 1.51

Cu " 2+ ‘ 0.71
058,034

Therefore, ZnO doped with those acceptors usually shows rather low p-type conductivity.
However, successes using codoping methods have resulted in some shallow acceptor

0,'!"" which uses either two different acceptors simultaneously or by

complex in Zn
combining a moderate concentration of donors with a higher concentration of acceptors.
Experimental results also show that N could incorporated into the lattice in the form of

single atoms or ions, and form a shallow acceptor with small ionization energy (about 100

meV), whereas the doping level is limited to only 10'7 ¢cm™.!'? In addition, both As and P
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has been reported as among the very few p-type dopants of ZnO recently.” "% The As
or P doped ZnO film shows highly p-type conduction, which does not rise from the simple
substitution of O with P. Since there is large size mismatch between As® and O but a
good match between As®* and Zn”" (see Table 1.2), and the electronegativity of As (2.0) is
closer to Zn (1.6) than that of O (3.5), the incorporation of As as dopant in ZnO in Zn site
is energetically favorable to be incorporated on Zn sites. This discovery might open the

door to reliable and highly conductive p-type ZnO fabrication.

1.5.2.2 Optical properties of ZnO
The application of semiconductors in electroptical devices relies on their ability to

#3. 121122 1f photons of energy greater than or equal to the

efficiently emit or detect light.
band gap are incident on a semiconductor, they may excite an electron from the valence
band to the conduction band. In this process, the photon is absorbed and an electron and a
hole are created. In the reverse process an electron in the conduction band may return to
the valence band and recombine with a hole; the energy lost by the electron creating a
photon. As the energies of the electron and hole will generally be very close to the bottom
of the conduction band and the top of the valence band respectively, the emitted photon
will have energy approximately equal to the bandgap of the semiconductor.

The optical properties of a semiconductor are connected with both intrinsic and
extrinsic effects. They have been studied by several methods, such as photoluminescence
(PL), cathodoluminescence (CL), electroluminescence (EL), etc. Among them, continuous
wave (cw) PL is a suitable tool to determine the crystalline quality and the presence of

impurities in the material as well as exciton fine structure. PL spectra of ZnO

nanostructures measured at room temperature and low temperature have been intensively
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studied.” 2"+ %37 In particular, 1D ZnO nanostructures have attracted a great attention
with a possibility to develop nanoscale electronic and optoelectronic devices.” '#! 12> 13!

The PL spectrum of ZnO nanostructures typically consists of a UV emission and possibly

one or more visible bands due to defects and/or impurities.

1.5.2.2.1 UV emission of ZnO nanostructures

Low-temperature PL. measurements of single crystals, films, and different
nanostructures, such as NW/nanowall systems, nanosheets, nanowalls, NWs,
nanoparticles, etc, have been reported. '*> 126133 138192 The |ow-temperature PL spectra of
7ZnO measured at 10 K or below typically exhibit free-exciton (FX) and bound-exciton
peaks. The intrinsic FX transition at low-temperature could be observed from high quality
ZnO single crystals and some of the nanostructures, and free excitonic fine structure could
be resolved from the spectrum. An example of the FX emission is shown in Figure 1.5.

The A-FX and its first excited state emission are observed at FX}~2=3.3771 eV (3.3757
eV for I;) and FX}=1=3.4220 eV for Iy (3.4202 eV for I';) band symmetry, respectively.
The energy difference of about 45 meV gives an A-free exciton binding energy of 60 meV

and corresponding band gap energy of 3.4371 eV at 10 K. The weak emission centered at

3.3898 eV is assigned to the B-FX transition.
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Figure 1.5 Free excitonic fine structure region of the PL spectrum at 10 K for the

forming gas annealed ZnO single crystal.'”
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Figure 1.6 Bound excitonic region of the 10 K PL spectrum for the forming gas

annealed ZnO single crystal.'”’

The extrinsic properties are related to dopents or defects, which usually create discrete
electronic states in the band gap, corresponding to bound-exciton peaks observed at low

temperature, in the range from 3.348 to 3.374 eV for ZnO single crystal (Figure 1.6). The
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bound exciton states for neutral shallow donors (DBE) and acceptors (ABE) are the
dominant couplings in most of the ZnO samples.

In addition to free- and bound exciton emissions, the UV spectra of ZnO at low
temperature can also contain donor-acceptor pair transitions and longitudinal optical (LO)
phonon replicas, with up to third-order LO phonon replicas can be typically observed. The
LO phonon energy can be determined from the separation between the exciton peaks and

their LO phonon replicas, and for ZnO it is 71-73 meV.'?

1.5.2.2.2 Visible emissions of ZnO

Room-temperature PL spectra from ZnO usually exhibit a broad peak in the visible
spectrum, corresponding to the deep-level energy levels of ZnO, which is also referred to
as defect emission. The peak positions can vary from blue, green, yellow to red,
depending on the fabrication conditions, such as growth temperature, source material, as
well as post-treatment conditions. Green emission is the most commonly observed and
intensively studied defect emission in ZnO nanostructures and single crystals, centered
~2.3 eV 125 129 134, 135, 143145 Gy era) different hypotheses have been proposed, including

S

antisite oxygen, Cu impurities, zinc vacancy, and surface defects, etc,14 and it is

commonly attributed to singly ionized oxygen vacancies ( V; ). 128 129

1.5.3 p-n junctions-the way to realize light-emitting devices
The majority of semiconductor devices incorporate at least one p-» junction, which is
formed at the interface between two regions, doped n-type and p-type, respectively. If

equilibrium, a potential step is formed at the interface which prevents the net movement
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of electrons from the n-type region into the p-type region, and vice versa for holes. In
addition, free carriers are absent from regions on either side of the junction, forming a
depletion region. A schematic diagram of a p-» junction under equilibrium conditions is
shown in Figure 1.7. If an external voltage of the correct sign is applied, the potential step
is reduced, allowing electrons and holes to move across the junction, a process known as
injection. In a p-» junction designed for optical application, an undoped or intrinsic region
may be placed between the n- and p-type regions to form a p-i-n structure. Electrons and
holes meet in the intrinsic region, where they recombine to produce photons. A
nanostructure may be incorporated within the intrinsic region, providing a convenient and
efficient mechanism for injection of electrons and holes into the nanostructure. The bias
condition for current injection is referred to as forward bias. Changing the polarity of the
applied voltage produces reverse bias. In reverse bias, the potential step is increased and
there is negligible current flow. However, electrons and holes created in the intrinsic
region by photon absorption may be swept out into the »- and p-type regions, respectively,
resulting in an electrical current that can be measured by an external circuit. This process
allows a semiconductor to act as a photodetector.

(a)

erletion region

n-type p-type n-type

Figure 1.7 Schematic band diagrams of a p-# junction (a) under equilibrium
conditions and (b) with an external voltage applied to reduce the potential step,

resulting in easier injection across the junction.
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There has recently been an increasing interest in ZnQ for applications in optoelectronics such
as light-emitting diode (LEDs), UV lasers, and UV light detectors because of its wide direct band
gap. In comparison with GaN, ZnO has some obvious advantages for optoelectronic applications
due to the availability of single crystal substrates, relatively low growth temperature and a large

exciton binding energy (~60 meV), as demonstrated by efficient excitonic lasing on optical

. . . 9
excitation as well as random lasing at elevated temperature.” "¢ 17

1.6 Major contributions

The main contributions in this thesis are as follows:

1. Controlled growth of various ZnO nanostructures has been achieved, including
nanocombs (NCBs), random nanowires (RNWs), aligned nanowires (ANWSs), diamond-
shaped microrafts and beads, and resistors-shaped nanowires (RSNWs). The growth
mechanisms have been studied; large area, uniform size, and repeatable synthesis have
been achieved.

2. Detailed nanostructure characterization and analysis using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Raman, PL, etc., have been
conducted. The crystalline, morphological, optical, magnetic, and chemical properties
have been studied.

3. Enhancing the optical properties of ZnO NCBs and NWs has been achieved by
PIII surface modification. The UV emission has been enhanced and the visible emission
has been completely quenched. The modification effect on the UV and visible emission

has been studied in detail.
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4. Synthesis of ternary oxide (Zn,TiO4) NWs has been achieved using ZnO NWs as
template. Detailed characterization of the twinned spinel NWs has been conducted,
formation mechanism has been studied.

5. ZnO aligned NR based p-n homojunction LED device has been fabricated and

characterized. Strong red electroluminescence (EL) has been observed.

1.7 Organization

In Chapter 1, the thesis begins by giving a brief introduction on the nanotechnology
and growth of various 1D nanostructures by vapor-phase method, followed by the
motivation to study ZnO nanostructure as the focus of this thesis, as well as a brief review
on ZnO (crystalline, electrical and optical) properties and the applications of ZnO in
growth of ternary oxide NWs and optoelectronics. The main contributions and
organization of the thesis are also presented in this chapter.

Chapter 2 describes the VPT fabrication methods for ZnO nanostructures adopted
throughout this work (Chapters 3-8), the surface modification method adopted in Chapters
5 and 6, and the characterization approaches adopted in this work.

Chapter 3 presents the fabrication and characterization of Cu-doped ZnO diamond-
shaped microraft. The optical and magnetic properties, as well as the formation
mechanism of the diamond shape have also been studied.

Chapter 4 presents the fabrication and characterization of high purity RSNWs grown
in a similar environment as that of diamond-shaped microraft, with an increased growth

species vapor pressure. The role of Cu and water vapors in forming the RSNWs has been
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discussed. The special paired-crystalline structure of RSNWs has been studied by high-
resolution TEM (HRTEM).

The uniformity and repeatability of ZnO nanostructures are further improved by
applying both vacuum and controlled flow of O, and Ar to the high temperature growth at
950°C. However, due to the large surface area of nanostructures, the PL spectrum usually
has a low UV/visible-emission ratio. Chapter 5 presents the efficient PIII surface
modification and enhancement in UV emission of NCBs that grown in oxygen-rich
environment. The modified crystal surface has been studied by HRTEM, while the UV
emission has been characterized by both room temperature and low-temperature PL..

Chapter 6 presents the efficient surface modification by PIII and complete green band
luminescence quenching for various ZnO nanostructures (NCBS, RNWs, and ANWs)
grown in either oxygen-rich or oxygen-deficient environments. The modified crystal
surface has been studied by HRTEM. Room temperature and low-temperature PL in the
visible region has been studied in detail.

Chapter 7 presents the fabrication and characterization of twinned spinal Zn,TiO,
ternary oxide NWs from solid-state reaction of ZnO/Ti core/shell nanostructure. ZnO
NWs are used as the template for formation of Zn,TiO4 NWs. Detailed SEM and HRTEM
analysis revealed the twinned nature of the product.

Chapter 8 presents the device fabrication of a p-» homojunction LEDs based on ZnO
ANWSs. The I-V characteristics of single and bulk ZnO p-n junctions have been analyzed.
Strong red EL emission (~650 nm) has been achieved.

Chapter 9 summarizes the work presented in this thesis, as well as given

recommendations for future work in related areas.
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Chapter 2 EXPERIMENTAL AND

METHODOLOGY

2.1 Experimental

2.1.1 Growth of ZnO nanostructure by using the VPT method

VPT is a widely available technique. In principle, it combines the advantages of both
wet-chemical and molecular beam techniques, and generally the growth mechanisms by
VPT method can be either VS (without catalyst) or VLS (with catalyst or self-catalyzed),
as briefed in Chapter 1. The growth of ZnO by VPT is typically affected by the
temperatures of both the source and the substrate, the heating rate, the gas flow rate, tube
diameter, the source content, and the substrate. The influence of these factors on ZnO
morphology has been reported recently, but the effects of these factors on morphology
control, crystal quality, and optical properties of fabricated nanostructures are not fully
understood. Post-annealing or surface modification has been investigated to improve the
crystal quality and optical properties.

The horizontal tube furnace is one of the simplest and most popular equipments used
to implement VPT. The program controlled tube furnace used in this thesis was developed
by Hefei Risine Heateck Co., Ltd., China. Figure 2.1 shows the schematic diagram of the

tube furnace. In general, a thin (2-20 nm) Au film is first sputtered onto a (111) Si
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substrate. The growth source, ZnO and graphite powders are well mixed with weight ratio
of 1:1. Both the source and the Si substrate are loaded into a small quartz tube 2 cm in
diameter. Then the whole set is manually pushed to the center of the furnace, where the
source is at the heating point of the furnace, and the substrate was put at the downstream
side. The growth temperature is maintained at either 1100° or 950° for fabrication of
various nanostructures in this thesis.

In order to improve the uniformity and repeatability of the synthesized nanostructures
while at the same time decrease the size of nanostructures, and uniformly grow on a large
substrate area (1.5 cm?), vacuum was applied. The furnace is pumped down immediately
to a base vacuum level of ~1x107 Torr after the small quartz tube has been loaded into the
furnace. The gas flows of Ar and O, (99.999%) are varied to synthesize different
morphologies of nanostructures, such as NCBs (Chapter 5), random NWs (Chapter 6 and

7) and aligned NWs (Chapter 6 and 8).

End flag Heating components Quartz tube
\\\ Furnace
__.__._t_}a_l_n_l
Gas {A(, O,r) >

Small quartz tube ; —» Exhaust
f J

H y

J

/ 3

" \

Source
(ZnO+C, 1:1 wi%) Substrate

Figure 2.1 Schematic diagram of the horizontal tube furnace used in this work.
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2.1.2 Surface modification by PIII

In our work, the PIII technique has been combined with condensable plasmas from a
filtered cathodic arc source. Modification by the PIII technique is accompanied with Ar
plasma, results in ion implantation in all directions into the exposed sample surface. Thus,
this technique can efficiently modify the sample surface while reserving the morphology
of the nanostructure.

Figure 2.2 shows the schematic diagram of this PIII (HV Pulser) system used in this
thesis, which was developed by the Australian Nuclear Science and Technology
Organization (ANSTO). It has a power supply which is capable of delivering negative
voltage pulses up to 30 kV with varying frequencies and pulse duration. The high-voltage
pulsed source enables both ion implantation and deposition with controlled portion. In our

experiments, the pulsed voltage affecting the implantation depth is varied, and the

Focusing coil
Substrate holder T
4 -
[ e Filtering coil
Negatively
biased

10T ;
N Gasinlet _— 1
Pumping LC power

system supply N
’ o — !i Metal Cathode
Cooling water

Figure 2.2 Schematic diagram of the plasma immersion ion implantation system
equipped with a filtered metal cathodic arc system and a high voltage pulsing

system.
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pulse voltage and frequency were optimized to achieve the highest ion implantation
portion instead of deposition. The ion implantation depth was simulated using

commercially available software SRIM.'*®

2.2 Sample characterization and methodology

2.2.1 X-ray diffraction techniques

X-ray Diffraction (XRD) techniques are a family of non-destructive analytical
techniques which reveal information about the crystallographic structure, preferred
orientation, strain, crystal quality, chemical composition, and physical properties of
materials and thin films. These techniques are based on observing the scattered intensity
of an X-ray beam hitting a sample as a function of incident and scattered angle,
polarization, and wavelength or energy.

The reflection of an X-ray from the surface of the sample follows Bragg’s law:

nA=2dsin 0 2.1

where A is the wavelength of the x-ray, 8 is the angle between the incident X-ray and the
surface of the crystal, also referred to as Bragg angle, » is an integer, and d is the spacing
between the parallel lattice planes. Constructive interference occurs when # is an integer;
the reflected waves from different lattice planes are in phase and produce sharp peaks in
the spectrum.

In this thesis, all the measurements were carried out by XRD in 20 geometry with a

Siemens D5005 diffractometer using Cu K, (A = 0.154 nm) radiation under the
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accelerating voltage of 40 kV. The data were collected over a scattering angle range of

25°-80° in 0.05-0.01° intervals.

2.2.2 Scanning electron microscope

The scanning electron microscope (SEM) is a type of microscope capable of
producing high-resolution images of a sample surface. Due to the manner in which the
image is created, SEM images have a characteristic 3D appearance and are useful for
judging the surface structure of the sample. The instrument was first invented by Manfred
von Ardenne in the 1930s, and was further developed by Charles Oatley. It was first
commercialized by Cambridge Instruments.'*’

In a conventional SEM, such as the JSM-5910LV used extensively in the thesis,
electrons are thermionically emitted from a tungsten cathode and accelerated towards an
anode operated at 15 or 20 kV. Tungsten is used because it has the highest melting point
and lowest vapor pressure of all metals, thereby allowing it to be heated for electron
emission. It is also much cheaper compared with lanthanum hexaboride (LaBt;,). It
operated at low vacuum with a resolution of 3 nm. In addition, due to the large working
distance of 15 mm, the sample stage can be easily tilted by 20-30°. A tilted view is useful
for observing aligned NW samples.

Another SEM (JSM-6340F) also used in this thesis is a cold field emission scanning
electron microscope (FESEM) with advanced high resolution imaging operated at low

voltage. The electron is emitted via field emission (FE) from LaB¢ cathode. The device is

highly suitable for low voltage microscopy, which makes it much easier to observe details
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on the outer surface of the material. In this thesis work, the FESEM is operated at 5 kV

with a resolution of about 2 nm.

2.2.3 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX/EDS) is an analytical tool predominantly
used for chemical characterization. It relies on the investigation of a sample through
interactions between X-rays and mater. Its characterization capabilities are due in large
part to the fundamental principle that each element of the periodic table has a unique
electronic structure and a unique response to electromagnetic waves.

In this thesis, we used the EDX installed with the SEM (JSM-5410LV), where
tungsten cathode is used as the electron source with accelerating voltage of 15-20 keV.

The quantitative X-ray analysis is conducted using Link ISIS 300 software.

2.2.4 Transmission electron microscopy

Transmission Electron Microscopy (TEM) is lattice level high resolution electron
microscopy technique whereby a beam of electrons is transmitted through a specimen,
forming an amplified image on a fluorescent screen, or a layer of photographic film, or
onto a sensor such as a CCD camera. The first practical TEM was built by Albert Prebus
and James Hillier at the University of Toronto in 1938 using concepts developed earlier
by Max Knoll and Ernst Ruska.'*°

Nowadays, TEM is used widely in material science. It gathers crystallographic

(through electron diffractions and lattice high resolution images) and chemical data
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(through EDS) at unit cell or near unit cell scale. HRTEM images are phase contrast
images. They are formed by using a large objective aperture to select many beams to
reconstruct a yield contrast that can be interpreted in terms of the projected crystal
potential, which is directly related to the atomic structure of materials. Information of
nanostructures such as size, shape, lattice diameter, perfection, orientation, composition,
surface structure and defects can be directly obtained from TEM and HRTEM images.

In this thesis, the detailed TEM/HRTEM studies were performed using a TEM (JEOL
JEM-2010) operating at 200 kV. The electron gun used was LaBs thermionic emission
source, and the point resolution is 1.9 A.

Besides HRTEM, bright field (BF) and dark field (DF) TEM were also implemented.
The BF images are formed when a small objective aperture is centered about the optic
axis to exclude scattered electron. Regions of specimen that are thicker or denser will
scatter electrons more strongly and appear darker in the image. The DF images are formed
using electrons scattered from the specimen and selected from imaging using a small
objective aperture. The BF and DF images are particularly sensitive to extended crystal
lattice defect, such as dislocations.

For sample preparations, the sample was ultrasonically dispersed in ethanol first. Then
several drops of the solution were dropped onto a special TEM copper grid and dried.
Alternatively, the nanostructures on the substrate were scratched off and dispersed on the

TEM copper grids. There was no further treatment of the TEM samples.
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2.2.5 Photoluminescence spectroscopy

The optical properties of a semiconductor are connected with both intrinsic and
extrinsic effects. Photoluminescence (PL) spectroscopy is a contactless, nondestructive
method of probing the electronic structure of materials. It is a suitable tool to determine
the crystalline quality and the presence of impurities in the material as well as exciton fine
structure. Light is directed onto a sample, where it is absorbed and imparts excess energy
into the material in a process called photoexcitation.

In this thesis, the room temperature PL measurements were carried out using a
Renishaw Micro-PL system with a 1800 grooves/nm grating. The excitation line used was
325 nm and the average laser power detected at the front of microscope lens was 1.5 mW
(100%). The low-temperature PL. measurements were carried out with the sample placed
in a close-cycle He gas cryostat in the temperature range of 4.5-300 K. A 325 nm He-Cd

laser was used as the excitation source.

2.2.6 Raman spectroscopy

Raman is a spectroscopic technique used in condensed matter physics and chemistry
to study vibrational, rotational, and other low-frequency modes in a system. It relies on
inelastic scattering, or Raman scattering of monochromatic light, usually from a laser in
the visible, near infrared, or near ultraviolet range. In this thesis, we used a Ranishaw
Micro-Raman system with a 3600 grooves/nm grating. The excitation line used was 514

nm.
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2.2.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is a quantitative spectroscopic technique that measures the
elemental composition, empirical formula, chemical state and electronic state of the
elements that exist within a material. XPS spectra are obtained by irradiating a material
with a beam of X-rays while simultaneously measuring the kinetic energy and number of
electrons that escape from the top 1 to 10 nm of the material being analyzed. Therefore, it
is a surface chemical analysis technique. The XPS measurement requires ultra-high
vacuum (UHV) conditions.""

In our work, the elemental analysis on the shallow surface of the samples was
performed in a Kratos AXIS Ultra spectrometer with a monochromatized Al K, X-ray
source (1486.71 eV) operated at a reduced power of 150 W (15 kV and 10 mA). The base
pressure in the analysis chamber was 2.66x 107 Pa. The core-level spectra were obtained
at a photoelectron take-off angle of 90° measured with respect to the sample surface and

were recorded in 0.1 eV step with the pass energy of 40 eV. The binding energy scale of

the XPS spectrum was calibrated with the C 1s peak (neutral C-C peak at 284.5 eV).
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Chapter 3 FABRICATION OF

DIAMOND-SHAPED ZNO

3.1 Introduction

Wurtzite ZnO has been demonstrated to be the material with the most prolific usage

152, 153 4

. . . . . . . 15
for the fabrication of nano/micro-structures up to now, including wires, ribbons,

5 3

rings,37 sheets,15 tetrapods,156 tubes,m’ 158 belts,lsg’ 160 disks,161 walls, 62 cages,16
combs,'® etc. Synthesis and studies of growth mechanism of these ZnO nano/micro-
structures have been an active field because of their peculiar physical properties of exotic

1D structures and hierarchical self-assembled two or three-dimensional structures.

Various synthesis methods, such as VTP** ** ! thermal evaporation,”® metal-organic

165 7

vapor-phase epitaxy (MOVPE),'® aqueous thermal decomposition,'®® aerosol route,'
electrochemical deposition,'®® and ion beam sputtering® have been reported. Most of the
structures reported, including rods and combs, are hexagonal-natured morphologies. Only
recently, Yu et al,'®”, Wang et al,'™ have synthesized ZnO NRs with cross section
reduced from hexagonal to diamond, which is only one-third of a hexagonal. However,
the growth mechanism is still not clear and diamond-shaped comb-like structures have not
been reported.

On the other hand, diluted magnetic semiconductors (DMS) have attracted much

interest in recent years with the possibility to establish semiconductor spin electronics

(spintronics).'”" Large bandgap semiconductors, including ZnO and GaN, have been
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reported to be good host materials for spintronic devices with Curie temperature above
room temperature.'”> Large magnetic circular dichroism was also observed for 3d
transition-metal doped ZnO with strong sp-d exchange interactions.'”* Copper, different
from other magnetic metal dopants (e.g., Mn, Co, etc),173 is not ferromagnetic, and neither
is Cu,0 nor CuO. However, Cu ions can be spin polarized in ZnO. The band gap for spin
up and spin down of Cu-doped ZnO has 0.28 eV difference as calculated by Chien et
al.'™ Previous works have demonstrated that Cu-doped ZnO film or powder can be
ferromagnetic above room temperature.'”>""’

In this Chapter, we shall present the fabrication of a two-dimensional ZnO rafts-like
structure with diamond-shaped cross sections by VPT method using copper as a catalyst.
Investigation on these ZnO structures helps to understand the fundamental growth

mechanism of wurtzite structures. Optical properties and ferromagnetism of these copper-

doped ZnO will be discussed.

3.2 Experimental details

The ZnO microchains and microrafts were synthesized via VPT method using high-
temperature tube furnace as has been briefed in Chapter 2. An empty furnace was
preheated to 800°C first. Meanwhile, the mixture of ZnO and graphite powder (1:1) was
placed at the end of a slender one-end sealed quartz tube. Five pieces of copper grids (400
meshes) were placed on a p-type silicon strip and inserted together into the small quartz
tube at a downstream area. Then the small quartz tube was pushed into the standing-by
furnace. The furnace was then heated from 800°C to 1100°C and maintained at 1100°C for

10 min. The silicon strip was in the temperature region ranging from 1000°C to 500°C
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when the furnace was heated to 1100°C. Then the quartz tube was pulled out and slowly
cooled down to room temperature. Yellowish products were found flourishingly growing

from melted copper grids.

3.3 Results and discussions

3.3.1 Morphology of the microchains and microrafts

Figure 3.1 (a) shows a low magnification SEM image of the as-grown product, where
a large area of raft-like microstructures can be seen on the copper grid. Figure 3.1 (b) is an
enlarged image of a microraft. The width of the diamond-shaped microrods growing on
these microrafts is ~2 um to 3 pwm, with lengths up to 20 um. We also observed some
chain-like microstructures with much shorter microrods, which are microrafts at their
early growth stage. Figure 3.1 (c) shows several ZnO microchains found in the samples at
relatively lower temperature region, with an enlarged image of single microchain shown
in Figure 3.1 (d). Many evenly spaced diamond-shaped microbeads with width close to
that of microrods, were growing from the surface of a nanobelt. As can be seen in Figure
3.1 (e), the microchains examined are originated from the same nucleus. The angles
between adjacent nanobelts are 30°, 60°, or 120° due to the six-fold symmetry of ZnO
crystal. Our detailed SEM analysis revealed that, the microrods and microbeads growing
on microrafts and microchains respectively, have rhomboidal cross section with small
inner angles of 60°+ 1°, as indicated in Figure 3.1 (d). All the microchains and microrafts

observed in our sample originated from relatively thick nanobelts, a typical one being
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Figure 3.1 SEM images of: (a) Large area of microrafts growing on a copper grid;
(b) Single microraft of periodic structure; (c) A cluster of ZnO microchains. The
angles between adjacent microchains are 30 °, 60 °, or 120 ° as indicated.

(d, ) Higher-magnification SEM images of a single microchain and a microchain
joint corresponding to regions A and B shown in (c), respectively. The measured
inner angle of diamond cross section is indicated in (d). The inset in (d) is the
EDX result recorded from the structure shown in the main image. (f) Higher-
magnification SEM image of a thick nanobelt. (g) SEM image of microbeads with
irregular hexagonal shaped cross section obtained at a lower temperature region

showing the transition of microbead from hexagonal to diamond shape.
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shown in Figure 3.1 (f). In comparison with the fully-grown diamond-shaped microbeads
in Figure 3.1 (d), Figure 3.1 (g) shows several microbeads found further away from the

source (lower growth temperature), which have irregular hexagonal shaped cross-sections
with two { 1100} facets yet to disappear. The EDX analysis conducted on a microchain
shows that the atomic ratio of Zn: O is close to 1 and the copper content is about 1.6 at %

[inset in Figure 3.1 (d)], suggesting that copper was doped into ZnO.

3.3.2 TEM study of the microchains

The morphology and microstructure of the microchains and microrafts were further
examined by TEM to understand the growth of these unique structures. Figure 3.2 (a)
shows a side view TEM image of a microchain. Figures 3.2 (b) and (c) shows the high-
resolution TEM images with electron beam focused on region A (backbone nanobelt) and
B (microbead) in Figure 3.2 (a). The insets are the results of the selected-area electron
diffraction (SAED) pattern recorded on both the backbone of nanobelt (region A) and the

edge of microbead (region B), respectively. The results confirm that the microchain is a
single crystal with backbone growing along the [0 110] direction and microbead is
growing along [0001] direction. From the literature, the branch of ZnO comb grows along

[0001] direction while the ribbon grows along [OI 10], [2T TO] or [0001] direction.'>> %
' The crystalline structure of microchain and microraft is in agreement with that of other

types of ZnO combs that have been reported earlier in literature.'®* The calculated angle

(60") between the (1010) and (01 10) surfaces of wurtzite ZnO crystal structure is

consistent with the inner angle enclosed by these two surfaces observed in SEM.
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Figure 3.2 (a) Low-magnification TEM image of the side view of a microchain.
(b) High-resolution image of marked region A shown in (a) and its corresponding
SAED pattern (inset). (c) High magnification of the marked region B shown in (a)

and its corresponding electron diffraction pattern (inset).

3.3.3 Optical properties

Figure 3.3 (a) shows the Raman spectrum of the copper-doped microstructures.
Raman spectra for doped and undoped ZnO films were discussed previously.'” ' The
ZnO crystal has Cg, symmetry and shows six Raman-active phonon modes in the first-
order spectrum at 101, 381, 407, 437, 574 and 583 em™ for the E, (low), 4, (TO), E;
(high), A; (LO) and E; (LO) mode of ZnO, respectively. It is a unique feature of ZnO that

the LO signal is weak while the two-phonon signal is relatively strong.'®' The peak at
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around 330 cm™ corresponds to the second-order phonon signal of 4; (TO). There are
other two anomalous first-order Raman modes of doped ZnO around 275 and 580 cm’
corresponding to B; (low) and B, (high) silent modes.'*® The B, (high) mode appears in
the Raman spectrum can be attributed to the host-lattice defects related to the copper
doping. These results further confirm that the ZnO microstructures are composed of
hexagonal ZnO as the E, (high) mode corresponds to band characteristics of the
hexagonal wurtzite phase. These microstructures are of good crystal quality since the peak
corresponding to E; (high) mode is relatively strong and sharp, compared to the peak
around 580 cm™ which is related to the defects in ZnO.

The PL spectrum was recorded at room temperature using the same Renishaw
microspectrometer excited by the 325 nm line of a He-Cd laser. Figure 3.3 (b) shows the
emission spectrum of the copper-doped microstructures (solid line) and pure ZnO
nanostructure (dotted line). It is well known that ZnO is a wide direct-gap (3.37 eV) 1I-VI
semiconductor with large exciton binding energy of 60 meV at room temperature.'®
However, only a broad green band appears, with a contrast sample showing strong UV
emission (ZnO powder). This green band would come from multiple energy levels in the
forbidden band due to copper doping and oxygen vacancies.'® Compared with pure ZnO
nanostructures, the increased amount of deep-level energy related defects could be the
center of radiative or non-radiative recombination centers that “quench” the UV emission

of these Cu-doped microstructures.
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Figure 3.3 (a) Raman spectrum of as-deposited ZnO microstructures at room
temperature using 514 nm line as the excitation source. (b) 325 nm line PL
spectrum of as-deposited ZnO microstructures (solid line) and a pure ZnO powder

(dotted line) at room temperature using as the excitation source.
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3.3.4 Magnetic properties

Ferromagnetic propetties of copper-doped ZnO microstructures were measured using
high sensitivity alternating gradient magnetometer (AGM) at room temperature. Figure
3.4 (a) shows the magnetization (M) versus magnetic field (H) characteristics at room
temperature, measured when the applied H was parallel to the silicon substrate that was

used to collect the products. Figure 3.4 (b) shows an enlarged magnetic loop of (a), and
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Figure 3.4 (a) Magnetization M versus applied magnetic field H curve detected at
room temperature. The enlarged hysteresis loop is shown in (b) and the derivative
curve (dM/dH) is shown in (c). The two CGS units, emu and Oe, are
electromagnetic and magnetic units, and the conversion factors to SI units (both

are A/m) are 107 and 47 x 10°, respectively.
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the derivative curve of the decreasing-field sweep is also illustrated, as shown in Figure
3.4 (¢). The saturation magnetization M of the copper-doped sample is estimated to be 53
memu/cm’ from the M-H curve. The saturation field is about 7 kOe, and the coercive
field (H,) is about 40 Oe, as can be seen in Figure 3.4 (b). The My is almost ten times

176
L,

lower than that of copper-doped ZnO thin film reported by Buchholz et a and

approximately 400 times higher than that of copper-doped ZnO powders reported by Lee

1.,""7 which were both measured at room temperature. The estimated magnetic moment

eta
(0.0043u5/Cu atom) is about 10 and 100 times smaller than that reported by Herng es
al.'” and Buchholz er al,,'™ respectively. The differences might be attributed to doping
concentration, magnetic coupling and inhomogeneous distribution of copper ions. The
calculated squareness of the hysteresis loop is 0.06 and its switching field distribution
(SFD) is 0.068. SFD is a ratio of the full width at half maximum of the differentiated
curve [Figure 3.4 (¢)] to H.. A small SFD indicates a narrow and stable switching
transition produced and is related to the microstructure and chemical inhomogeneities in

the material. Generally, materials with high H, and small SFD are desirable for high-

density recording.

3.3.5 Growth mechanism

In accordance with the TEM and SEM data, here we propose a possible growth
mechanism as shown in Figure 3.5 (a)-(c) with simple schematic depictions of a
microchain and a microraft. The growth directions of the microstructure are indicated by
arrows. Figure 3.5 (a) shows a thick quadrate nanobelt according to the SEM image

observed in Figure 3.5 (f). Figure 3.5 (b) indicates the growth of a microchain observed in
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Figure 3.5 (a-c) Proposed growth diagram and simple models of thick nanobelt,
microchain and microraft structures, respectively. (d) SEM image of a microchain
at a lower temperature region showing. The microbeads away from the belt tip are

closer to diamond and a microbead is nucleating from the tip of the belt.
(e) Schematic depiction showing the relationship between diamond and

hexagonal.

Figure 3.1 (c). It is known that wurtzite ZnO has three fast growth directions in [0 110], [2
1 10]and [0001], which are perpendicular to each other. Therefore, the microbeads could
be formed by growing along [0001] direction of ZnO at the tip of a [Oi 10] growing ZnO
belt, as can be seen in Figure 3.5 (c). The formation of a microraft results from the fast

growth of microbeads along [0001] direction, shown in Figure 3.1 (b). From the TEM

analysis, both the diamond and hexagonal-shapedZnO are of 6-fold wurtzite structure, and
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grows preferentially along the [0001] direction. However, two surfaces from the {1 100}
group are missing in the diamond-shaped microbeads. To explain this difference, Figure

3.5 (e) shows the relationship between the rhomboidal and hexagonal shapes due to the
fast growth of the +(0110) surfaces along the same growth direction of nanobelt

backbone, while the fast growth along [2110] direction is indicated by arrows. It is

known that crystal facets with faster growth rate disappear easily, and the crystal facets
with slower growth rate remain. The growth rate of ZnO in <0110> directions is faster

than in <21 10> directions in our experiment. Therefore, only +(1010) and +(1100) facets
remain and form diamond-shaped cross—section at substrates. This growth mechanism can
be inferred from Figure 3.1 (g) and Figure 3.5 (d), where the microbeads are in the middle
of the hexagonal to diamond transformation. These microrods, therefore, can be
considered as one third of hexagonal microrods and also a reduced form of the hexagonal

structure in which two parallel facets disappear.

3.4 Summary

In summary, we fabricated diamond-shaped ZnO microchains and microrafts based on
wurtzite ZnO. The backbone of these structures extended along [0110] direction and the
side branch grew in [0001] direction. Raman and EDX measurements revealed that these
microstructures are copper-doped. UV-blue luminescence quenching has been observed
due to the copper doping into ZnO. The microstructures showed a clear ferromagnetic

behavior with a high H, and small SFD value, which may have potential applications in
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data storage. We postulate that the formation of diamond-shaped ZnO is due to the fast

growth of two parallel planes in <0110> directions along the growth of the backbone.
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Chapter 4 FABRICATION OF

RESISTOR-SHAPED ZNO NANOWIRES

4.1 Introduction

VPT appears as the most commonly used method for growing oxide nanostructures of
various morphologies and aspect ratios. To some extent, the shape- and size-control of the
nanostructures is achieved by controlling the growth parameters, such as carrier gas flow
rate, the partial pressure of reactive gases, the vapor flow direction, as well as the
temperature and the choice of substrate materials.”> '®* In addition, the formation of
nuclei and subsequent growth behavior can be largely influenced by the presence of

4 . .
37.160- 184 Eor instance, ring-shaped nanostructure have been

metals, metal ions and water.
fabricated by adding indium and/or lithium to the precursors.’” Triboulet ef al.'® have
reported the growth of ZnO single crystals using water as growth ‘activator’. In a recent
study by Huang er al.,'®® ZnCuj alloy was used as Zn source, with water vapor introduced
into the system by carrier gas. They found that Cu and water vapor resulted in a modified
growth behavior of ZnO nanobelts.

As presented in Chapter 3, we have fabricated Cu-doped microchains and microrafts
on Cu grids. In Chapter 4, we will continue to study the effect of Cu and water in
formation of ZnO nanostructures. We introduce Cu into the growth system by using pure

Cu wires. Water is also added and the source of ZnO and graphite are doubled in weight

to increase the vapor pressure. The morphology and structural characteristics and a growth
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mechanism are discussed. This new ZnO morphology, analog to the shape of electrical
resistors connected in series is characterized by an abrupt diameter change at the junction,
which is similar to the step-shaped Bi NWs,'® (Ga, Mn)As NWs,'® and Y-shaped

CNTs'® reported previously.

4.2 Experimental details

The resistor-shaped ZnO NWs (RSNWs) were synthesized via a VPT method using a
high-temperature tube furnace. The mixture of ZnO and graphite power (0.5 g, 1:1 in wt
%) was placed at the end of a slender one-end sealed quartz tube. One piece of a 10 cm
long copper wire (0.2 mm in diameter) placed on a wet silicon strip was inserted into this
slender quartz tube at a downstream area. A volume of 0.2 ml water was intentionally
spread on the silicon strip. The furnace was then heated from room temperature to 1090°C
at a rate of 30°C/min. Once the temperature reached 650°C, the quartz tube was inserted
into the furnace. When the source temperature reached 1070°C, a constant flow of vapor
in the quartz tube could be observed. The quartz tube was then pulled out and cooled
down to room temperature when the temperature reached 1090°C. The Si substrate and
copper wire were covered with a silk-like powder near the open-end of the quartz tube. To
study the effect of water and copper on the nanostructure morphologies, the experiment
was then repeated successively in the absence of (1) water, (2) copper wire, and (3) both

water and copper wire, respectively.
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4.3 Results and discussion

4.3.1 XRD analysis

Figure 4.1 shows the powder XRD pattern of the as-synthesized product. All as-
labeled peaks match well the hexagonal ZnO nanostructure with lattice constants of a =
3.249 A and ¢ = 5.205 A. No diffraction peak originated from copper, silicon (used as
substrate) or any of their compounds can be found in the XRD data. Further examination
by EDX shows that the atomic ratio of O:Zn is close to 1. The copper signal is below the

detection limit of EDX, which indicates that concentration of copper is too low to be

detected.

4.3.2 Morphology and crystal structure of the RSNWs
Figure 4.2 (a), (b) and (c) show SEM images of the as-synthesized nanostructures at

various magnifications. Abundant RSNWs are clearly observed, which consist of a
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Figure 4.1 XRD pattern of the as-prepared ZnO RSNWs,
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Figure 4.2 (a-c) SEM images of ZnO RSNWs fabricated using both water and

Cu,at various magnifications. (d-f) SEM images of similar structures fabricated
using: (d) only Cu; (e) only water (no Cu); (f) without both water and Cu,

respectively
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thick NR in the center with diameter ranging from 150 nm to 200 nm, and length of about
2 um. Fine NWs grow from both ends of the thick NRs. The length of NWs ranges from
tens of nanometers up to tens of micrometers, and their diameter is only about 10 to 20
nm. In comparison, the as-grown product (1) without water, (2) without copper wire, and
(3) without both are shown in Figure 4.2 (d), (e) and (f), respectively. It can be noticed
that in these latter three cases no RSNWs grow but (1) NCBs growing only on Cu wire,
(2) powder of submicron needle-like rods, and (3) powder of submicron tetrapods are all
found in these samples. It is clear that Cﬁ itself (without water) does not induce the
growth of RSNWs, and, in the presence of both water and Cu, the density of RNNWs
(2.56x10"® mm®) and their morphology is close to that of needle-like rods (2.59x10'®
mm®), whereas the diameter is reduced by around ten times.

It is noted that many RSNWs are connected to each other forming “in-series”
structures as shown in Figure 4.3 (a). The enlarged “in-series” structures are clearly shown
by TEM images in Figure 4.3 (b) and (c¢). Their diameter is on average around 200 nm for
the rods and around 10 to 20 nm for the wires, with a sharp reduction in diameter at the
NR-NW junctions. In-depth investigation revealed that they were formed by attachment
of several RSNWs. The TEM caption images inserted in Figure 4.3 (b) and (c) taken from
the dot-circled parts at the NW junction between two RSNWs present a clear evidence of
the in-series connection of the RSNWs.

In Figure 4.3 (b) and (c) the grain boundaries of the RSNWs can be observed from the
contrast near the center of the thick NRs. Typical bright field (BF) and dark field (DF)
TEM images taken from the rectangle-selected area of the thick NR [Figure 4.3 (b)] are

shown in Figure 4.3 (d) and (e), respectively. The grain boundary was further studied by
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100 nm

Figure 4.3 (a) SEM images of “in-series” RSNWs, (b and ¢) TEM images of some
series of RSNWs inserted with the enlarged connect sites of the NWs between

two RSNWs. (d) BF and (e) DF TEM images of rectangle-selected region in (b).
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Figure 4.4 (a) Typical TEM image of a ZnO RSNW inserted with the SAED
patterns taken from the sides near the grain boundary. (b) Higher-magnification
TEM image of region A in (a) inserted with the corresponding HRTEM image.

(c and d) HRTEM images recorded from region B and C labeled in (a).

HRTEM. Figure 4.4 (a) shows a low-magnification TEM image of a single RSNW and
the SAED patterns taken from the circled regions near the grain boundary to examine the
crystal structure of the thick NRs. It is worth mentioning that, the SAED patterns shown

in Figure 4.4 (a) were obtained without tilting the sample. Both SAED patterns are the
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same except a relative intensity difference of diffraction spots, indicating the same crystal
orientation of these two grains. Figure 4.4 (b) shows a higher-magnification TEM image
recorded from the grain boundary at region A in Figure 4.4 (a), and the inset is the
corresponding HRTEM. A grain boundary can be clearly seen. Figure 4.4 (c) and (d)
show the HRTEM images taken from region B (near NR-NW junction) and region C
(thick NR) in Figure 4.4 (a), respectively. All the HRTEMs show clear lattice fringes
indicating the RSNWs are formed from two single-crystallites with a grain boundary at
region A [Figure 4.4 (a)] separating them. As shown in Figure 4.4 (c), the spacing of 0.26
nm between adjacent lattice planes corresponds to the d-spacing of (0002) planes,
indicating <0001> as the growth direction for the RSN'Ws. It is worth mentioning that the
surface of the nanostructure is rough [Figure 4.4 (b)], which might be due to electron

beam irradiation in TEM, %
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Figure 4.5 PL spectra of the ZnO RSNWs grown on a silicon substrate.
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4.3.3 Optical properties of RSNWs
As shown in Figure 4.5, the PL spectra exhibit relative sharp UV emission peaked at
around 381 nm while a much boarder emission (FWHM = 120 nm, 450-700 nm) is
centered at around 546 nm. The UV band emission of ZnO has been attributed to the free
exciton emission at the near-band edge.'”® The visible emission might be due to deep-
level transition caused by defects, in particular surface states'>* and oxygen vacancies.'*®
129 The FWHM of the UV emission was calculated to be around 15 nm, which is much
smaller than that of bulk ZnO powders (32 nm) but comparable to those of ZnO NWs (20

0% 136 The absence of Cu element shown by XRD is confirmed by the PL result since

nm)
the UV emission is not quenched and the ratio of UV-to-visible emission densities is

comparable to that of pure ZnO nanostructures.'>

4.3.4 Growth mechanism

According to the electron microscopy observations and analysis, a possible growth
mechanism is proposed by considering the =+ (0001) polar surfaces of ZnO. A
corresponding schematic diagram is displayed in Figure 4.6. The formation of the RSNWs
can be depicted as a three-stage process, as illustrated in Figure 4.6 (a-c). In Figure 4.6
(a), growth species of ZnOy and Zn are formed due to the thermal reactions of ZnO and
graphite, and the growth of ZnO 1D nuclei and NRs involves adsorption/desorption of

0 the addition of Cu

growth species. Following the argument proposed by Huang et al.
and water can control the supply of Zn and oxygen, and thus modify the crystal growth

kinetics. Our present work supports such assumptions. The following chemical reactions

between water vapor and growth species at high temperature could be:'®
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Zn(g) + xHx0(g) < ZnO«(g) + xHa(g), 4.1)
ZnO«(g) + xH0 (g) < Zn(g) + xHa(g) + xOx(g), 4.2)
Zn0y(g) + xH,0(g) & xZn(OH),. (4.3)

where water is a source of O, and H,. The chemical reactions (2.1)-(2.3) between water
vapor and growth species probably confine the growth of ZnO nuclei along the c-axis by
lowering the surface energy of {0001}."* On the other hand, according to Haugsrud et al,
and Fujikawa, ef al.,'*> "' Cu can be easily oxidized by water vapor at high temperature
according to the following reactions,
2Cu + H,0 (g) = Cu,O +H; (g), (4.4)
Cu0O + H,0 (g) < CuO +H; (g). (4.5)
Therefore, production of hydrogen from water vapor can be enhanced. More H, can
increase the desorption speed of growth species on the growing surface through reductive
reactions, and consequently reduce the growth speed, in comparison with the case where
only water is presents.
In Figure 4.6 (b), the formation of the paired-crystal structure can be understood as
due to electrostatic interactions at both ends of NRs with sharp tips. It is well known that

the chemically active facet (0001) of wurtzite structured ZnO is Zn*'-rich and the inert

facet (000 1) is O*-rich. When the (0001) facet comes close to the (000 1) facet, they will
be connected due to mutual electrostatic attraction with well-matched lattice.*® Although
the purity of RSNWs is high [Figure 4.1 (b)], we can still find some needle-like NRs in
TEM, which have just half of the length of the thick NRs. We can also find a small

amount of paired-NRs with two grains connected in a random orientation (TEM images
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Figure 4.6 Schematic diagram of the possible formation process of ZnO RSNWs,
and “in-series” RSNWs with a polar-surface induced growth model,
(a) growth of 1D nuclei and NRs, (b) the NRs are attracted by spontaneous
electrostatic attraction and form paired-crystalline structure, and (¢) growth of

fine NWs from both ends of the NRs and the formation of the “in-series” RSNWs,

not shown here). Such observations are in agreement with the proposed growth
mechanism and further support strengthen its validity.

Figure 4.6 (c) shows the formation of single and “in-series” RSNWs. The diameter of
the NWs decreases drastically at this stage, due to the substantial decrease in the vapor
pressure. Similar to Figure 4.6 (b), the floating RSNWs attract each other and connected

together to form RSNWs “in-series”. It is worth mentioning that fine NWs grow in both
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£[0001] directions from thick NRs and the growth rates in both directions have almost

equal values.

4.4 Summary

In summary, a novel ZnO nanostructure, ad hoc demonstrated as the “resistor-shaped”
NW, has been synthesized using a vapor phase transport method in the presence of water
and Cu, which adjusted the growth kinetics, enabling therefore the growth of such a
unique complex morphology. The RSNWs are built up by thick NRs and fine NWs,
morphologically bridged with abrupt junctions, and of wurtzite paired-crystalline
nanostructures. The formation of paired-crystalline structure and series RSNWs are
attributed to the electrostatic forces induced by the spontaneous polarization of ZnO
+(0001) polar facets at different growth stages. The RSNWs are potentially useful for
building and connecting electrical nanodevices as well as building blocks in the

fabrication of functionalized interfaces.
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Chapter S SURFACE MODIFICATION
OF ZNO NANOSTRUCTURES I-
QUENCHING OF SURFACE-EXCITON

EMISSION

5.1 Introduction

In Chapter 3 and 4, we presented two different morphologies of ZnO by VPT method.
For a nanometer-sized system, the PL. becomes more surface-related than that for bulk
ZnO crystal.'*® %% The PL spectra of most of our ZnO nanostructures have a weak UV
band compared with the broad and strong visible band due to a high surface-to-volume
ratio compared to bulk material. It was observed recently that in a ZnO NW/nanowall
system, a prominent near-band-edge PL peak at around 3.367 eV increasingly contributes
to the optical properties of individual NWs with the decreasing of diameter at low
temperature,'>® which was assigned to the recombination of surface excitons (SXs) by

l.,126 who also indicated that, in order to realize nanostructured

Grabowska ef a
optoelectronic devices at room temperature, the SXs need to be eliminated. The dynamics

of this SX emission was further investigated by Wischmeier et al.,"*® who suggested that

SXs originated from a broad energy distribution of near-surface states.
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On the other hand, PIII is a well developed surface modification technique.®** It is a
simple, non-line-of-sight process, as opposed to conventional beamline ion implantation;
non-planar samples can be implanted with good conformality and uniformity without
special sample manipulation. During PIII, the substrate is immersed in plasma and
negative voltage pulses can be applied to implant ions from the plasma to the surfaces.
The modification depth can be well controlled by the bias voltage, which is suitable for
surface modification of thin films and nanostructures with complicate morphologies.® %
Current research of the PIII is focused on modification of polymer and diamond-like
carbon film, and impurity doping, etc.®® ** * 87 However, the surface modification of
nanostructures by PIII has been much less investigated. In this Chapter, we shall report an

effective quenching of ZnO SXs by PIII modification, which provides us with a powerful

tool to overcome the problem associated with increased surface area (reduced dimension).

5.2 Experimental details

5.2.1 Growth of ZnO nanocombs

The growth of ZnO nanocombs (NCBs) was carried out in a horizontal tube furnace
by VPT method. The growth mechanism follows a typical VLS mechanism. Firstly, 2 nm
Au was coated on the cleaned substrate by sputtering. Then, pure ZnO and graphite
powder (1:1 in wt %) were grounded together and loaded into a small quartz tube with an
inner diameter of 20 mm. The substrate (1 x2 cm) was placed in the downstream region of
source with a separation of ~200 mm between the source and the substrate. The small

quartz tube was then inserted into a furnace at 950°C for 30 min under a flow of 100 sccm
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Ar and 10 sccm O,. The pressure inside the furnace was maintained at 0.7 Torr throughout
the experiment. After evaporation and deposition the quartz tube was drawn out from the
furnace immediately and cooled down to room temperature. We found that the Si

substrate was covered by a thin layer of uniform grayish film.

5.2.2 Surface modification by Ti-PIII

The NCB was chosen because of its large surface area. The as-grown products were
then directly treated with Ti-PILY 12 Prior to the treatment, a base pressure of 3x107
Torr was obtained. The pressure was kept at 8x10™ Torr with 8 sccm Ar flow during PIIL
Negative pulse voltage of 0 and 5 kV was applied to the substrate holder for 2 min. The
ion dose was estimated to be ~1x10'* jons/cm” upon 5 kV bias. The substrate temperature

has been monitored to be below 100°C.

5.3 Results and discussions

5.3.1 Morphology and chemical analysis of the NCBs

Figure 5.1 (a) shows the typical morphology of the ZnO NCBs. There was no
noticeable change in the morphology by SEM analysis before and after Ti-PIIl. In
comparison to the diameter of NCB fingers (~100 nm), the PIII in our experiments only
modified the shallow surface of ZnO NCBs. In fact, the implant depth of Ti ions into the
ZnO crystal is 0.4 and 4.5 nm for 0 and 5 kV bias voltages, respectively, as calculated
with the SRIM.'#® F igure 5.1 (b) shows the EDX spectrum of the ZnO nanostructure after

Ti-PIII at a bias voltage of 0 kV for 2 min, where Zn, O, and Ti peaks can be clearly
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observed in the spectrum. The Ti:Zn:O ratio after 0 kV PIIl is estimated to be
0.005:1:1.02 from the EDX spectrum by quantitative analysis, and the result is similar for
5 kV Ti-Plll. For comparison, the Zn:O ratio before PIIl was 1:1.03. It is worth
mentioning that the X-ray in EDX measurement penetrates in depth 1-2 pm, therefore the
quantitative analysis obtained from EDX represents the bulk characteristics of the NCBs.
From XPS surface analysis (not shown here), the Zn:O ratio of as-grown ZnO resulted to
be 1:0.495, indicating a Zn-rich surface. After a 0 kV Ti ion treatment, the ZnO surface
becomes Ti rich, with a Ti:Zn:O ratio of 3.65:1:7.68, indicating significant changes in the
surface chemical composition. However, as the bias voltage rises above 5 kV, the Ti
signal was below the detection limit of XPS measurement, which is due to increased

implantation depth of Ti, in agreement with the SRIM simulation.

Zn]

| Ti én
U
Ene?'gy (keV) m( b)

Figure 5.1 (a) SEM image of the ZnO nanostructures grown on Si substrate.

(b) EDX result of NCB after 0 kV Ti-PIIL
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5.3.2 TEM analysis of the NCB surface after PIII
Figure 5.2 (a) and (b) show the typical TEM images of ZnO comb fingers after 0 and 5 kV
Ti-PIII, respectively. The insets are corresponding SAED patterns. Figure 5.2 (d) and (e)
are the HRTEM images corresponding to the areas selected by the rectangles in Figure 5.2
(a) and (b), respectively, in comparison with the HRTEM image of the as-grown ZnO
comb fingers in Figure 5.2 (c). All the comb fingers observed in TEM are growing along
the [0001] direction, which is consistent with our proposed growth model of ZnO combs
reported in the literature.'® No visible line or planar defects can be seen from the
HRTEM image of the as-grown ZnO comb fingers [Figure 5.2 (c)]. The d-spacing of 0.52
nm corresponds to the lattice spacing of (0001) planes of wurtzite ZnO. After the 0 kV Ti
ion treatment (without bias voltage), the surface of the NW is covered by a discontinuous
layer less than 3 nm thick [Figure 5.2 (d)]. This ultra-thin amorphous layer is formed by
Ti ions that are both deposited and superficially implanted onto the ZnO surface with a
typical ion energy of 20-150 eV when no bias voltage is applied,'* in agreement with the
XPS measurement results. Careful examination of this ultra-thin coating [Figure 5.2 (d)]
shows that it contains some nanocrystals with the d-spacing of 0.216 nm which matches
that of (111) planes of rutile TiO,. Figure 5.2 (e¢) shows the HRTEM of the ZnO surface
after 5 kV ion treatment. The Ti ions are completely implanted into ZnO crystals and no
Ti-related coating layer or new crystallite phases such as TiO, could be found. From our
experiments, ZnO nanostructures treated under 2-5 kV bias showed similar HRTEM
images as that shown in Figure 5.2 (e). The contrast of inhomogeneous regions in Figure
5.2 (b) and (e) increases with the applied negative bias voltage, indicating an increased

implantation dose of Ti ions(most likely at interstitial sites of ZnO) and lattice defects.'”
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Figure 5.2 (a) and (b) show typical low-magnification TEM images of ZnO comb
fingers after 0 and 5 kV Ti-PIII, respectively. Insets are the corresponding SAED
patterns. (c¢) HRTEM images of ZnO comb fingers before PIII treatment.
(d,e) HRTEM images of ZnO comb fingers taken from the selected area in (a) and

(b), respectively.

5.3.3 Low-temperature PL analyses in UV region

Figure 5.3 shows the normalized near band-edge (NBE) PL spectra of the as-grown, 0

and 5 kV Ti-PIII treated ZnO NCBs obtained at 4.5 K for curves A-C, respectively. The

inset shows room temperature NBE PL spectra of the as-grown (curve A’) and 5 kV Ti-

PIII treated NCBs (curve C’). The PL spectra of ZnO NCBs before surface modification
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Figure 5.3 Normalized PL spectra of ZnO NCBs before and after 0 and S kV Ti-
PIII treatments. The curves are shifted in intensity for a better comparison. The

inset compares room-temperature PL spectra before and after 5 kV Ti-PIIL

are dominated by the emission peak at 3.3576 eV originating from the radiative
recombination of donor-bound excitons (D°X).'* Another strong peak at 3.3641 eV is

126.138. 140 consistent with the large surface area of

assigned to the recombination of SXs,
NCBs. Two small shoulders can be observed at 3.3773 and 3.3889 eV, which are assigned
to the recombinations of the A- and B-free excitons (FXs), respectively.123 On the lower
energy side of these bands, the phonon replicas of DX and A-FX are observed, with

average spacings of 71.7 and 71.8 meV, respectively, consistent with the LO-phonon

energy of ZnO. According to Teke ef al.,'*® the peak at 3.3217 eV might be due to two-
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electron satellite (TES) transitions of the DX recombination. In this process, the donor
electron of the D°X is left in an excited state when the donor-bound exciton recombines.
Comparing to the well-resolved peaks due to SXs, phonon replicas of D°X and FX of the
as-grown ZnO at 4.5 K, the PL spectra of the 0 and 5 kV Ti-Plll treated ZnO show
gradually suppressed SX and weakened FX emissions as the bias voltage increases. The
suppression of SX recombination can be attributed to filling of surface states, such as
dangling bonds and trapping sites,'?% 138 of ZnO NCBs after the Ti ion implantation. This
evidently distinguishes the emissions due to SXs and D°x,'** % where SX and DX
correspond to trapping of FX at a broad energy distribution of the near-surface states and
discrete energy levels of defects and donor impurities, respectively. They can be well
resolved by PIII with an implantation depth of ~5 nm (5 kV) or less. As a by-product, we
can conclude that the surface states responsible for SX’s are located within a 5 nm depth
from the surface. On the other hand, the D°X-related and TES emissions are retained,
suggesting that the donor-bound radiative recombination persists inside the bulk of the
NCBs. These SX quenched samples showed a better PL performance at room
temperature, where distinct PL. enhancement (300 K) can be seen in the inset of Figure
5.3.

As temperature increases [Figure 5.4 (a)], the intensity of D°X-related and SX
emissions decrease much faster than that of A-FX and its first two replicas due to thermal
activation of the donor-bound excitons, and finally the FX becomes dominant at room
temperature.'*® The dissociation of the DX results in increased emission from the free
excitons and other shallower donor-bound excitons.'*® This is consistent with the

observation in Figure 5.4 (b), in which the D°X replicas vanish and FX replicas re-appear
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at 60-80 K. The SX emission is thermally quenched and merged with D°X around 60 K,
due to the dissociation of excitons trapped to SX states into FX states with increasing
temperature, with a low thermal activation energy corresponding to the energy separation
between the FX and SX peaks (~ 13 meV), which is slightly larger than the value reported
by Wischmeier ef al. (~ 9 meV),'*® and smaller than that of D°X (10-20 meV).'? In
comparison to donor impurities which are the origin of D°X emission, the broad-energy-
distributed surface states responsible for the SX recombination, in accordance with large
surface-to-volume ratio, could be less stable at high temperature. The ionization of these

surface states at relatively low temperatures can create non-radiative surface traps which

10’k (@)  As-grown | DX _SX

10'k(b) SRV TI-PII
10"f i :
10"} a5k

PL intensity (a.u.)

315 320 325 330 335 340
Energy (eV)
Figure 5.4 Temperature-dependent NBE recombination for (a) as-grown, and (b)
5 kV Ti-PIII treated ZnO NCBs showing the FX and its LO phonon replicas. The
vertical lines indicate the maxima of the FX, FX-1LO and FX-2LO in (a) at 4.5

K. The curves are shifted in intensity for a better comparison.
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induce rapid decay of FX’s at room temperature, resulting in a weak PL." Our surface
modification thus blocked this nonradiative recombination process of FX by passivating
these surface states. This is the reason why the surface passivation layer containing Ti
impurities can enhance room-temperature NBE PL. It is worth mentioning that other
elements, e.g. Fe, Ni, Cu, and C, have a similar modification effect through low energy

PIll, indicating that the PL of ZnO is insensitive to the implanted elements used.

5.4 Summary

In summary, SX emission from ZnO NCBs has been quenched by Ti-PIIl treatment.
TEM analysis gave a clear observation on the Ti-PIII modified surface of ZnO. The
modification effects on SX and DX emissions by PIII strongly deviated, where the near-
surface located SX emissions at 4.5 K were gradually quenched by increasing the ion
energy, indicating their surface related origins. The depth of SX emission was estimated
according to the ion implant depth and distinct room-temperature PL enhancement was

achieved.
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Chapter 6 SURFACE MODIFICATION
OF ZNO NANOSTRUCTURES II-

QUENCHING OF GREEN EMISSION

6.1 Introduction

As-presented in Chapter 5, the surface modification induced after using the PIII
technique passivated the SX emission and thus enhanced the UV emission at room
temperature. For almost all the ZnO nanostructures grown by the VPT method, the PL
consists of not only a UV band, but also a deep-level broad emission band called the green
band (GB). The GB from a ZnO nanostructure is caused predominantly by oxygen

vacancies (Vo), through either radiative recombination involving single ionized oxygen

128, 129

vacancies ( V() (generally accepted hypothesis) or deeply trapped holes in V' 3%

135 143, 144

which cannot be passivated by simply annealing in oxygen. An important
question is the suppression of defect emission for practical applications, either by varying
the fabrication conditions or by applying a post-fabrication treatment. In this Chapter we
shall continue the study of surface modification by PIII, and its modification effect of GB
emissions will be compared between three different ZnO nanostructure systems: NCBs,

random nanowires (RNWs), and aligned nanowires (AN WSs) when the bias voltages range

from 0 to 10 kV. Gradual GB quenching and drastic UV emission enhancement has been
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observed in ANWs, revealing a deeper GB origin in these structures as compared to the

NCB and RNW systems.

6.2 Experimental details

6.2.1 Growth of ZnO nanostructures

The ZnO nanostructures were grown by VPT method from ZnO (99.99%, Alfa Aesar)
and graphite powder (99.99%, Aldrich) (1:1 wt%) on the Si (111) substrate pre-coated
with a 20 nm Au film. The source was placed in the center of a horizontal tube furnace
maintained at 950°C, and the substrate was placed at a temperature zone of 650-450°C for
collecting ZnO nanostructures. ZnO ANWs, RNWs, and NCBs were fabricated by
varying the O, flow rate from 2-10 sccm while keeping a constant Ar flow rate at 100

sccm. The growth followed the VLS mechanism.

6.2.2 Surface modification by Ni-PIII

The as-grown ZnO nanostructures were directly treated with Ni-PIII. During the
treatment, negative pulse voltages of 0, 2, 5, and 10 kV, respectively, were applied to the
sample for 1-5 min. The ion dose was estimated to be ~1x10" jons/em® for a 5 min
treatment with 10 kV bias (maximum ion dose conditions in this work). The substrate

temperature has been monitored to be below 100°C.
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6.3 Results and discussion

6.3.1 SEM and XRD analyses of NCBs, RNWs, and ANWs

Figure 6.1 (a-c) shows the representative SEM images of ZnO NCBs, RNWs, and
ANWs deposited on Si at a constant Ar flow and O, flow rates of 10, 4, and 2 sccm,
respectively. The NCBs are grown in higher O, flow in comparison with that of NWs. The
as-grown ZnO NWs showed very uniform diameters and length covering a large area of
the substrate (1x1.5 cm). The average diameters of RNWs and ANWs are ~50 and ~150
nm, respectively, while the average lengths were ~10 and ~4 pm, respectively. It is
obvious that in our experiment, by increasing the O flow from 2 to 4 sccm, the length of
the NWs is increased and therefore faster growth takes place along the c-axis. However,
they bundle together easily when they grow longer. As shown in Figure 6.1 (d), the XRD
patterns corresponding to Figure 6.1 (a-c) have a strong and sharp peak from the (0002)
plane with decreasing O,, confirming the c-axis preferred orientation of NWs. Therefore,
in an O,-rich environment, ZnO prefers to grow into comb morphology, whereas when O,
is deficient, ANWs are preferred, due to a self-catalytic growth process.”’’ This is
consistent with previous studies on the controlled growth of ZnO NWs and combs.'*" 1°
In addition, there was no noticeable change before and after the PIII treatment in the
morphology and (0002) diffraction peak position according to SEM and XRD analysis. In
fact, from the SRIM,'*® the implant depth corresponding to the projected range of Ni ions
into the ZnO crystal is around 0.4, 2.5, 4.3, and 6.7 nm for 0, 2, 5, and 10 kV bias
voltages, respectively. In comparison with the diameter of NCB fingers and NWs (50~100

nm), the PII in our experiments only modified the subsurface of ZnO.
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Figure 6.1 (a-c) SEM images of (a) NCBs, (b) RNWs, and (c) ANWs.
(d) Corresponding XRD spectra of these three morphologies with the intensity

normalized to the maximum separately for each curve.

6.3.2 TEM analyses on the surface structure after PIII

The surface modified ANWs were studied in TEM to examine the surface structure
after PIII. Figure 6.2 (a) shows the low-magnification TEM images of a typical NW
subjected to 5 min 10 kV Ni-PIII with the corresponding SAED pattern shown as inset.
Irregular dark and bright regions of the TEM image indicate that Ni implantation is all
over the NWs. Figure 6.2 (b) and (c) show the HRTEM images of the NW edge facing the
coming Ni ions (enclosed area B) and the side surface of the NW parallel to the Ni ions

implantation direction (enclosed area C), respectively. The lattice spacing of 0.26 and
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0.28 nm corresponds to the d-spacing of (0001) and (01 TO) plane of wurtzite ZnO,

respectively, confirming that the ZnO NWs are preferentially oriented in the c-axis

[oD01]
i

[0001]

© <t |l

Figure 6.2 (a) Low-magnification TEM images of the typical NW modified by 5

min 10 kV Ni-PlIl. Inset shows the corresponding SAED pattern. (b,c) HRTEM
images of (b) the edge facing the coming Ni ions (enclosed area B) and (¢) the
surface paralleling the coming direction of Ni ions (enclosed area C),

respectively. (d) Back and forth FFT from £0001 diffraction spots of (c).

direction. No Ni/NiOy coating or new complex crystal phase could be seen in the
HRTEM, indicating atomic level incorporation of Ni ions into the ZnO crystal. Metal
aggregation and crystallization were avoided due to low thermal spike energy and low Ni
ion dose. Although ZnO is a very irradiation resistant material, due to the high bonding

193

ionicity and the confined energy dissipation in the nanostructure, ” the lattice damage
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becomes observable in HRTEM upon 10 kV PIII. As pointed out with black arrows in
Figure 6.2 (b), several line defects could be found in the tip facing the coming Ni ions.
The corresponding back and forth Fourier transformation (FFT) from +0001 diffraction
spots of Figure 6.2 (c) (inset) is shown in Figure 6.2 (d), where the line defects can be

seen clearly within the (0001) planes.

6.3.3 PL spectra of NCBs, RNWs, and ANWs, before and after PI1I

The representative PL spectrum of Ni-Plll surface modified ZnO NCBs and RNWs
are shown in Figure 6.3 (a) and (b), respectively. The bias voltages applied for both NCBs
and RNWs were optimized to achieve the best PL enhancement. All our samples
exhibited strong NBE emission [see also Figure 6.4 (a)] when excited by a constant laser
power (~400W/cm?, 1%, A=532 nm). For the untreated ZnO, relatively weak NBE
emissions can be seen at ~3.26 eV, with broad and strong GB emissions peaking around
2.3 eV. The GB emission is significant in all the as-grown ZnO nanostructured systems in
our experiments. For NCB and RNW systems, since the large outer surface area of the
ZnO nanostructures strongly attracts impurities on the surface, which traps free exciton
(FX) to form SX at low temperature, NBE emission enhancement can be observed due to
SX quenching on the surface.'” In addition, both nanostructure systems showed complete
quenching of the GB emission after a PIII treatment with the bias voltage between 0 to 10
kV. This GB passivation also contributes to significant enhancement of UV emission [see
Figure 6.3 (a) and (b)], where free exciton recombination is enhanced at room temperature
due to modification/passivation of both surface states (origin of SX) and surface defects

(origin of GB)."” The origin of GB has been studied extensively, which is generally
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attributed to the transition of native defects such as singly ionized oxygen vacancies (V]

),'? and there are evidences showing that it is located at surface.'”*'”® The complete

quenching of surface-located GB emission (close to background noise) suggests that the
origin is located with no more than 0.5 nm in depth according to ion implantion depth.
However, complete passivation of GB emission after shallow surface modification (0 kV
PIIT) does not apply to ANWs deposited with only 2 sccm flow of O, (O-deficient

situation).
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Figure 6.3 Room temperature PL spectra of the as-grown and (a) 2 kV PIII treated
Zn0O NCBs and (b) 5 kV PIII treated RNWs.

The PL spectra of Ni-PIII treated ZnO ANWs are shown in Figure 6.4 (a). It is worth
mentioning that special care was taken for both sample preparation and measurements in
order to ensure that the PL results are reliable and comparable. Firstly, the ANW samples
for PIII treatment were grown in a single run inside the same constant temperature zone in

the furnace. Secondly, the PL measurements for the as-grown, 0, 2, 5, and 10 kV PIII

81


DRD
Rectangle

DRD
Stamp

DRD
Rectangle

DRD
Rectangle


ATTENTION: The Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 Surface Modification of ZnO Nanostructures 1]

treated ANW samples were carried out together with the same measurement setup and
sample alignment. Green emission quenching is achieved by Ni-PHI with the bias voltage
increased from 0 to 10 kV, where the intensity is close to background noise after 10 kV
PIII treatment. The NBE emission enhancement, on the other hand, reaches its maximum
fora PIII bias voltage of 5 kV, and is not linearly proportional to this bias voltage. The red
shift (10-17 meV, 1-3 nm) of the NBE emission is significant at higher bias voltage and
ion dose (up to 5 min 10 kV, ion dose ~10'>/cm?), whereas the peak broadening is not
observable. The red shift of the NBE emission can be attributed to an optical band-gap
narrowing effect caused by a merging of donor and conduction bands, and band tailing by
impurity-induced potential fluctuations, indicating a semiconductor-metal transition due
to metal ion implantation.'””® The latter phenomenon happens when the carrier
concentration exceeds the Mott critical density.'** As shown in Figure 6.4 (b), the
intensity of GB decreases gradually with applied bias voltage, and correlates quite well
with the ion implantion depth. For this ANWs, the correlation between the GB
suppression (y) (ratio of after PIII to as-grown GB intensity) and the ion implant depth (x)
can be expressed as y=yo+a*e'x/ 5 experimentally, where y,=0.003 (0.3 % of the as-grown
GB intensity) is the bulk contribution to GB emission, and a and b (0.28 and 1.7,
respectively) are the fitted parameters. Figure 6.4 (c) shows the UV/GB improvement
after PIII treatment. It can be seen that the ratio increases linearly with the bias within
experimental range (10 kV). It reaches around 100 times by 10 kV PIII. In addition, we
also observed similar visible luminescence quenching and UV enhancement by applying
Ti- and Fe-PIIl. Similar to our previous analysis, we can conclude that the GB origin is ~7

nm in depth corresponding to the ion implant depth, which is much deeper than that of
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NCBs and RNWs. The results correlate well with the growth condition of ANWs where
lowest O flow was used among the three morphologies. It is worth mentioning that the
depth of GB origin is different from the thickness of surface-recombination layer,'® '¥3
which includes a certain effective diffusion length. The GB distribution and depth

depends on growth conditions, especially the O, concentration just like what we showed

in this chapter.
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Figure 6.4 (a) Room temperature PL spectra of as-grown and 0, 2, 5 and 10 kV
Ni-PIII treated ZnO ANWSs. (b) Plot of GB suppression (y, left Y axis, ratio of the
GB intensity after PIII to as-grown, Iga/lasgown) vs. Ni ion implant depth (x, right

Y axis, semilog plot). (c) Plot of UV/GB ratios vs. PIII bias voltage.
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6.3.4 Low-temperature PL studies on ANWs
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The optical properties of the ZnO ANWSs modified by PIII were further studied by low
temperature PL. Figure 6.5 (a) shows the normalized NBE spectra of the as-grown and 10
kV ion treated ZnO ANWSs obtained at 10 K. The PL spectra of as-grown sample are
similar to that of NCBs shown in Section 5.3.3. Red-shift of the peak positions after PIII
becomes obvious at this ion dosage, which can be attributed to the relative contributions
of FX, FX-1LO, and FX-2LO altered by surface modification.'*

Figure 6.5 (b) shows the GB spectra of the as-grown and 10 kV PIIl modified ZnO
ANWSs measured at 10 K, with the corresponding GB intensity plotted as a function of
temperature. As shown in Figure 6.5 (b), the appearance of the LLO phonon structure
indicates that the strong electron-LO phonon coupling is responsible for the observed
broad GB in ZnO. The average separation is 69 meV, consistent with the characteristic
energy of LO mode. As temperature is increased from 10 to 300 K, the intensity increases
up to 40 K then decreases gradually with increasing temperature for the as-grown sample.
The decrease with temperature follows the normal temperature behavior of semiconductor
luminescence, and is caused by several quenching mechanisms such as thermal activation
of nonradiative centers and thermal escaping of localized carriers involved in the emission
process.199 At low temperatures (less than 40 K), the intensity of GB increases with
temperature, which has not been observed before. We suggest that this can be attributed to
the thermal activation of nonradiative transition path(s) from FX and/or D°X to deep-level
excitons at elevated temperatures. It can be seen that the GB intensity of as-grown ZnO
increases with the decrease in temperature (50 K - 300 K), whereas the GB of treated ZnO
ANWs was below the detection limit in the entire temperature range from 10 to 300 K,

indicating a temperature independent surface modification/passivation process of the
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subsurface defects that are responsible for GB. Based on the proposed hypotheses on the

GB emission mechanism, the GB quenching could be attributed to passivation of the hole

trapping sites such as V(;,lzg’ 129 and/or electron trapping sites such as VJ© B4 135 at the

surface by implanted Ni ions, and therefore blocking the radiative transition

recombination between the photoexcited holes in the valence band (or shallowly trapped

holes) and the electrons in V and/or the photoexcited electrons in the conduction band

(or shallowly trapped electron) and the deeply trapped holes in V*. The Ni-PIII treated

ZnO is observed to have an enhanced conductivity as shown in Figure 6.6, which implies
that the incorporated Ni ions act as shallow donors.

The depth of native defects, such as oxygen vacancies, correlates to the band bending
and depletion width of the subsurface of nanostructure, which are closely related to the
various properties of ZnO, such as photosensitivity, gas sensitivity, field emission etc.'?”
133. 200 Therefore, the study of the depth of native defects also helps to understand the
diverse responses of various kinds of ZnO nanostructure morphologies for photodetector,
gas sensing, field emission applications, etc. Using gas sensing as an example, generally,
there are two main approaches to enhance the sensitivity. The first one is to obtain
nanostructures of small size and large surface area,”®' and the second one is to control the
depletion width.* From our surface passivation study of ZnO nanostructures, the product
grown in O,-deficient environment could have a significantly deeper defect-containing
(depletion) layer, which is expected to have a better sensitivity compared to those grown
in O,-suficient environment. Moreover, by applying PIII surface modification, which is a

non-destructive and well-developed technique, we can quench the GB emissions of
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Figure 6.6 Plot of conductivity vs. bias voltage of Ni-PIIl modification. The

conductivity was measured using a simple two-probe configuration.

various origin depths. PIII should thus have a significant role for surface modification of

nanostructures in practical applications.

6.4 Summary

In summary, by applying Ni-PIII surface modification/passivation on ZnO NCBs,
RNWs, and ANWs, we have probed the depths of the corresponding defects responsible
for GB emission for the nanostructures grown at different oxygen ambient. Quenching of
GB luminescence and enhancement of UV/GB ratio has been achieved. The GB of ANWs
was gradually quenched by increasing bias voltages from 0 to 10 kV, and showed deeper
depth (~ 7 nm) of subsurface located GB origin than that of NCBs and RNWs (~ 0.5 nm).
The quenched GB is temperature independent, and it can be attributed to passivation of

surface hole/electron trapping sites by Ni ions. The PIII technique has been demonstrated
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to be suitable for non-destructive surface modifications on nanostructures to achieve
enhanced optical properties. It is a useful tool to directly probe the surface native defect
depth in terms of the ion implantation depth, which is also closely related to the surface-

sensitive properties and applications of metal oxides.
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Chapter 7 TWINNED ZN,T104 SPINEL
NANOWIRES USING ZNO NANOWIRES

AS A TEMPLATE

7.1 Introduction

As-presented in Chapter 3 to 6, several ZnO nanostructures have been prepared, and
the PIII surface modification technique has been successfully applied to ZnO
nanostructures to improve the PL properties. Followed by the controlled synthesis of ZnO
NWs, we will investigate the application of ZnO as a template to grow other oxide
nanostructures.

Due to the limited properties and applications of the nanomaterials by their simple
binary systems,’* synthesis of complex functional nanomaterials with controlled size and

morphology, such as core-shelled quantum dots,”® NWs and nanobelts,>*%

203, 209 206, 211-213

heterostructures, superlattices,”” and nanotubes, are highly desirable.
Furthermore, the 1D ternary nanocomposites, such as ZnZSnO4,205’ 208, 214 anTiO4,215
7ZnGay 0,0 21 MgAle4,2” CoFe;04%" etc, exhibit specific functions that are
unattainable by common binary composites. Conventional synthesis methods of those
ternary composites usually involve high-energy ball milling of two binary solid oxides,*"”

217, 218

or high temperature solid reaction, which are not suitable for 1D nanostructure
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growth. Only recently, syntheses of single crystal ternary oxide NWs and nanotubes have

207,211,212

been achieved by using Ga,03, MgO or ZnO NWs as template. For face-centered

cubic (fcc) nanostructures, twinning is probably the most common structural defect,

219,220

especially in metal and metal alloy nanopatrticles, where two subcrystallites share a

{111} facet to form a mirror image of each other. Twinning is occasionally observed in

binary systems, such as cubic ZnS and InP NW,% 2! both of which have a preferential
<111> growth direction. However, report on the synthesis and twinning structure of fcc
ternary NW is rare;*® the formation of twinned NW is unrevealed.

In this chapter, we shall present a three-stage synthesis of twinned Zn,TiO; NWs
using ZnO NWs as template. Zinc titanate (Zn,;TiO,) is an inverse spinel, which has been
used as a catalyst and pigment in industry. It is one of the leading regenerable catalysts,
and has been demonstrated to be a good sorbent for removing sulfur-related compounds at
high temperature.””> > As a dielectric material, its physical, electrical and optical

properties have been studied for various applications.*'®*** 2

7.2 Experimental details

7.2.1 Growth of ZnO nanowire

The ZnO nanowires were synthesized by VPT from ZnO (99.99%, AlfaAesar) and
graphite powder (99.99%, Aldrich) (1:1 wt%) on a (111) Si substrate (with a 5 nm Au
layer served as catalyst). In brief, a small quartz tube containing the source and Si
substrate was inserted into a horizontal quartz tube furnace at 950°C. The furnace was

kept at about 1 Torr with a rotary pump, with a constant flow of 150 sccm Ar and 5 sccm
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O, for 30 min, after which the small quartz tube was pulled out and cooled down to room

temperature.

7.2.2 Magnetron sputtering deposition of Ti

The as-synthesized ZnO NWs were then transferred into a vacuum deposition system
for Ti deposition by DC magnetron sputtering 22° The deposition took place at room
temperature with a base pressure below 1x 10 Torr, and a constant Ar flow of 40 sccm.
The DC voltage used in the DC magnetron sputtering was 450 V, and the sputtering time
was 10 min. The film thickness was controlled to be less than the typical thickness of ZnO
NW to meet the stoichiometric requirement of spinel phase. After deposition, the color of

the substrate changed from light blue to black.

7.2.3 Solid-state reaction and phase transformation

In order to transform the ZnO/Ti core/shell structure into zinc titanate, the sample was
then loaded in a program controlled tube furnace. After evacuating the quartz tube to
below 0.1 Torr, an optimized three-stage annealing process was performed under precise
control of the reaction temperature in vacuum. The furnace was first slowly heated to 800
°C at a rate of 10 °C/min, then maintained for 8 hours, followed by slowly cooling down

overnight.
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7.3 Results and discussions

7.3.1 SEM and XRD studies on the morphologies and crystal structures

Figure 7.1 (a), (b) and (c) show the SEM images of ZnO NWs, ZnO/Ti core/shell
NWs before and after annealing, respectively. The as-grown ZnO NWs shown in Figure
7.1 (a) are randomly aligned, about 40-60 nm thick and 10 pm long. It can be seen clearly
that the morphology of the NWs has no change after coating with Ti [Figure 7.1 (b)],
except slightly increasing in the diameter. The surface is smooth and the thickness is
increased to 70-100 nm. No aggregated Ti particles could be seen in Figure 7.1 (b),
indicating a uniform deposition of Ti on the ZnO NWs. After thermal annealing in low
vacuum (0.1 Torr) at 800°C for 8 hours, the NWs are bent and curved, with small
perturbations observed on the surface [Figure 7.1 (c)]. The XRD patterns in Figure 7.1 (d)
illustrate phase changes due to Ti coating and thermal annealing. Curve A shows the as-
grown ZnO NWs growing randomly in all directions. All peaks can be indexed to a
wurtzite ZnO crystal with lattice constants of a=3.253 A and ¢=5.209 A].**’ Curve B
shows that there is no phase transformation after Ti coating but before thermal annealing;
no new peak or peak shift is observed. No corresponding Ti peaks could be identified in
the spectrum (Curve B). Therefore, either the Ti phase is amorphous or the lattice
diffraction signal of crystalline Ti is too low to be detected. Curve C shows the phase
transformation of Ti-coated ZnO NWs after thermal annealing. Four peaks at 29.9°, 35.2°,
53.0° and 62.0° indicated by asterisk can be clearly seen, which correspond respectively to
the (200), (311) (strongest), (422), and (440) crystalline orientations of the spinel Zn,TiO4
fec crystal structure (space group Fd-3m with a lattice constant of a=8.460 A).**® It is

worth mentioning that the atomic ratio of Ti:Zn is 1:2 to form stoichiometric
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Figure 7.1 SEM images of (a)As grown ZnO NWs, (b) Ti-coated ZnO/Ti

core/shell NW, and (c) Zn,TiO4 spinel NWs and high-magnification SEM image
of a Zn,TiO4 NW (inset). (d) Corresponding XRD patterns of (a-c), denoted as

curves A, B, C, respectively.

Zn,TiO4. We have optimized the sputtering condition to yield maximum quantity of NWs
with the desired Ti:Zn ratio of 1:2. It can be seen from Figure 7.1 (d) that no diffraction
peak from either ZnTiO;3 or TiO, secondary phase could be found. The residual ZnO
diffractions in curve C, which have been weakened in intensity compared to curves A and

B, originate from the ZnO NWs at the bottom of the sample where no Ti was deposited.
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7.3.2 TEM studies on the ZnO/Ti core/shell structure

The obtained NWs were scratched off after Ti coating and thermal annealing to
investigate the crystal structures and phase transformation by TEM. Figures 7.2 (a) and
(b) show respectively the BF and DF TEM images of a representative Ti-coated ZnO NW.
HRTEM images of the ZnO core (indicated by a rectangle) and the Ti phase (indicated by
a circle) in Figure 7.2 (a) are shown in Figure 7.2 (c) and (d), respectively. As shown in
Figure 7.2 (a) and (b), the distribution of the ZnO and Ti phase (a core/shell structure) can
be clearly distinguished from the dark field image. The thickness of Ti shell varies from
about 40 nm to a few nanometers from left to right side of the NW. This is reasonable
because only half of the NWs were facing the sputtering target. The Ti amorphous layer
deposited in this way was not dense, as can be seen from the inhomogeneous contrast.
This result agrees with Yu’s work,”® where a purely amorphous Ti film was sputter-
deposited on a cooled substrate. It can be seen that the ZnO NW was partially bombarded
off by electrons and ions in the plasma, which is a common phenomena in sputtering,
resulting in ZnO content fluctuation along the NW. The inset in Figure 7.2 (a) shows the

SAED pattern of the Ti-coated ZnO structure. It contains the diffraction pattern of

wurtzite ZnO taken along the 21 10] zone axis and heavily amorphous phase of Ti mixed

with small fractions of hexagonal close-packed crystallites, where the three major
diffraction rings match Ti {IOTO}, {1011}, and {1120}. Structurally, ZnO has three
typical fast growth directions: [0001], <21 10> and <01 1 0>, where the NWs and

nanobelts growing along [0001] and <01 1 0> or <2 1 1 0> directions have hexagonal and

rectangular cross-sections, respectively.’® In this work, the ZnO NWs elongate along the

[01 10] direction, as revealed by the SAED pattern, which is similar to what we
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observed in the nanobelts. The smooth core/shell interfaces shown in Figure 7.2 (c)
exhibit distinguishable solid-solid contrast, as pointed out by the arrows in Figure 7.2 (a).
HRTEM of the Ti layer deposited at room temperature is shown in Figure 7.2 (d), where
the Ti crystallite phase can hardly be seen. It is worth mentioning that a small amount of
NWs appeared without Ti coating, which were probably from the ZnO NWs at the bottom

of the sample, consistent with the XRD results.

Figure 7.2 (a,b) BF (a) and DF (b) TEM images of a typical amorphous Ti-coated
Zn0O core/shell NW. Inset shows the SAED pattern of the NW. (¢,d) HRTEM
images of the single crystal ZnO core (¢) and amorphous Ti shell of the region (d)

indicated by the rectangle and circle in (a), respectively.
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7.3.3 TEM studies on the twinned spinel structure

Thermal annealing at 800°C in low vacuum, triggered solid-state reaction involving
diffusion of Ti into the ZnO crystal and their chemical reaction, resulting in the phase
transformation from wurtzite ZnO to spinel Zn,TiO,4. The final product contained a large
amount of twinned NWs. Figure 7.3 (a) shows a typical twinned Zn,TiO, spinel projected
along the [011] zone axis. It can be seen that the twinned NW is composed of large
parallelogram-shaped subcrystallites of tens of nanometers in width. The smallest ones are
less than 10 nm wide, which can be defined as the grain transition region between two

large grains. The corresponding SAED pattern shown in the inset of Figure 7.3 (a) reveals

the (111) twin structure, with the NW growing along [ 1 1 1] direction, which is

consistent with twinned spinel Zn,SnQ, reported by Chen et al*® The twin plane is

parallel to (111 or (11 1 )1, where the subscript “T” denotes twin reflection to
distinguish from single crystal. Our twinned NWs present a zigzag feature,”®® which can
be attributed to the <111> oriented growth directions of each individual grains. The
HRTEM images of the grain and twinned boundary (TB) taken from Figure 7.3 (a) are
shown in Figures 7.3 (b) and (c), respectively. Both figures reveal good crystal quality of
the NW. The interplanar spacings of 0.49 and 0.42 nm perfectly match the d;; and dxgo
spacings of the Zn,TiO4 crystal, respectively. The FFT pattern of Figure 7.3 (b) (inset A)
is in good agreement with the Zn,TiO4 spinel crystal structure taken along [011] zone
axis. The simulated HRTEM image [inset B in Figure 7.3 (b)] was obtained from
Inorganic Crystal Structure Database (ICSD) #80850 for a sample thickness of 26 nm and

a defocus value of 80 nm. The inset C in Figure 7.3 (b) is a schematic diagram (simulation
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Figure 7.3 (a) Low-magnification TEM image of a typical twinned Zn,TiOs NW.
(b) HRTEM images of a subcrystallite. Inset A shows the corresponding FFT
pattern. Inset B shows a HRTEM simulation image in agreement with the
experimental one. Inset C shows a schematic diagram of the lattice structure
corresponding to enlarged experimental HRTEM image, where blue, purple, and
red dots denote Zn, Zn/Ti (equal site occupation factor), and O, respectively.
(¢) HRTEM image of TB between two large subcrystallites and corresponding
FFT patterns as inset. (d) HRTEM image showing the smallest distance between

two TBs that could be found from the NW.

from ICSD #80850) of a possible Zn,TiO4 lattice structure projected along [110] axis,

superimposed with the enlarged experimental HRTEM image. Four atoms are in the base
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with Zn (1/8, 1/8, 1/8), Zn/Ti (1/2, 1/2, 1/2) (equal site occupation factor), and O (0.260,
0.260, 0.260), which are denoted as blue, purple, and red dots, respectively. Both the
simulations of HRTEM image and crystal lattice structure agree well with the
experimental HRTEM image, as indicated by the diamond shapes in insets B and C in
Figure 7.3 (b). The TB marked by dashed line in Figure 7.3 (c) can be clearly resolved,
showing free of misfit or distortion across the boundary. The FFT pattern of the TB [inset
in Figure 7.3 (c)] agrees well with the SAED pattern of the twinned NW. The twinning
angle cross the boundary is measured to be about 141°, and relative rotational angle from
FFT pattern [inset in Figure 7.3 (c)] is about 70.2°, consistent with theoretical values of
141° and 70.5°, respectively. Figure 7.3 (d) shows the smallest grain width observed,
which is around 4 nm wide (the two TBs are marked by dashed lines). Lattice distortion
cross the boundary could be seen.

Figure 7.4 (a) shows the TEM image of another twinned spinel NW with zone axis
tilted by 90° relative to the previous one observed along [011] [Figure 7.4 (a)], where the
projected grain images are rectangular-shaped. As a general feature of twinned spinel
structure, the NW is elongated along [1 1 1] direction, whereas both (022) and (02 2)
facets of the NW are 90° away from the TB, with no zigzag morphology or relative grain
shift could be observed. The parallel TBs can be clearly seen, and the subcrystallite size
distribution is similar to that presented in Figure 7.3 (a). Figure 7.4 (b) is the HRTEM
image of the TB taken from the rectangular area in Figure 7.4 (a), and inset A shows the
corresponding FFT pattern. The lattice spacing for the (1 1 1) and (022) planes are 0.49
and 0.30 nm, respectively, in agreement with our previous TEM analysis shown in Figure

7.4 (b) (The lattice spacing of 0.49 nm corresponds to the d;; spacing). Inset B shows the
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Figure 7.4 (a) Low-magnification TEM image of a Zn,TiO, twining NW
projected along [112] zone axis. Inset shows the corresponding SAED pattern.
(b) HRTEM image of TBs taken from the rectangular selected area in (a). Inset A
shows the corresponding SAED pattern. Inset B shows a schematic diagram of the
lattice structure, where blue, purple, and red dots denote Zn, Zn/Ti (equal site

occupation factor), and O, respectively.
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schematic diagram of the enlarged lattice structure of Zn,TiO4 projected along the [21 1]

direction, and the notation is the same as that of Figure 7.3 (b). It can be seen that the

twinned structure feature is absent along the [2 1 1] zone axis, therefore the TB in

HRTEM can only be distinguished from the phase contrast.

7.3.4 Formation mechanism of the twinned Zn,TiO4 nanowires

From the chemical point of view, the formation of twinned spinel Zn,TiOs NW is a
solid-state reaction process, in which the ZnO NWs act as a template and spatially confine
the reaction within them. Figure 7.5 illustrates the formation mechanism of the twinned
Zn;TiO4 NWs. Firstly, a Ti amorphous layer is deposited on the ZnO NWs [Figure 7.5
(a)]. Upon thermal annealing of the ZnO/Ti core/shell structure at high temperature, Ti
may absorb oxygen from both the ambient atmosphere and the solid ZnO to form TiOy
through chemical reaction, as illustrated in Figure 7.5 (b). The amorphous Ti and TiO, are
chemically active at high temperatures,”® which is supported by the fact that the
enthalpies of both TiO; (AHrigo= -944 kJ/mol) and TiO (AHrtio= -519 kJ/mol) are much
smaller than that of ZnO (AHz,0= -350 l(J/mol).230 In comparison with Fan’s worl<,2“’212
our TEM analysis showed no voids or tube morphology, therefore the diffusion speed of
Ti element is faster than or comparable with those of Zn*" and O%. As Ti diffuses into
ZnO, both Zn®" and O* cannot remain fixed in their original lattice sites. Eventually,
Zn,TiOy4 spinel crystallites are formed with a preferred orientation along the <111>

direction. For a fec structure, the surface energy of different facets follows {111} <{100} <

{110} ,*" therefore, {111} is the dominant facet that encloses the crystal, which is
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(a) Ti atoms

e

Figure 7.5 Schematic illustration of the formation process of twinned Zn,TiO,
NWs. (a) Ti is coated on the surface of the NW. (b) Cross-section of the core/shell
NW showing Ti on the surface diffuses into ZnO. (c) Formation of TB by two
adjacent Zn,TiO,4 grains with different orientations moving relatively into a
symmetrical arrangement. (d) Formation of the twinned Zn,TiO; NWs is
completed with new Zn,TiO, grains growing from limited space between two

large grains.

consistent with our TEM observations of the twinned Zn,TiO4 NW. The twinned crystals

can be easily formed when two adjacent {111} faces meet by a relative shear movement of

the subcrystallites in <2 1 1> direction to produce a symmetrical arrangement, as
illustrated in Figure 7.5 (c). The shear movement is driven by dislocation induced

stress/strain to minimize the overall system energy.’! This proposed hypothesis is
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reasonable because small and individual subcrystallites can be formed easily in the NW
due to the content fluctuation of ZnO, as can be seen in Figure 7.2 (a), in contrast to that

177 Alternatively, the twinned

of Ga;03/Zn0O core/shell structure reported by Chang ef a
structure can also be formed when new subcrystallites start to grow in a limited space

between two existing grains, which most likely happen during the final stage, as

illustrated in Figure 7.5 (d).

7.4 Summary

In summary, we have demonstrated a three-step method to synthesize ternary twinned
Zn,TiO; NWs. The ZnO NWs used as template were first coated with amorphous Ti to
form a ZnO/Ti core/shell structure, followed by annealing at 800° for 8 hours. The ZnO
core content appears to be fluctuating along the NW after Ti coating. The final product
was (111) twinned Zn,TiO4 NWs growing along the <11 1> direction. The formation of
the twinned structure involves a solid-state reaction between Ti and the initial ZnO single
crystal, that reduces the overall system energy. It is possible to apply this technique to

synthesize NWs of other ternary materials.
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Chapter 8 ZNO NANOROD
HOMOSTRUCTURE LIGHT-EMITTING

DIODES

8.1 Introduction

As shown in Chapter 6, controlled growth of aligned ZnO NWs has been achieved,
and the PL of these nanostructures has been enhanced by a simple surface modification
technique. In the subsequent stage, the application of ZnO in light-emitting devices based
on the success in ZnO NW array fabrication was investigated.

ZnO has attracted much attention for its potential applications in blue- and UV-
emitting optoelectronics and high temperature/power transparent electronics. The large
binding energy (60 meV) gives it the potential for higher brightness excitonic emission
than GaN. In addition, ZnO has a high bonding strength, which makes it a resistant
material to high energy radiation. It is also less expensive to grow compared with III-
Nitrides, due to its lower required growth temperature, abundant mineral sources of Zn,
and commercial availability of high quality single crystal substrates. However, the
greatest challenge for applications remains the fabrication of low-resistivity, reliable and
stable p-type ZnO thin films, and even nanostructures. Like many other [I-VI
semiconductors, ZnO has asymmetric doping limits. ZnO can be easily doped n-type, with

the intrinsic ZnO being n-type, whereas p-type doping still remains a challenge.
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Recent success in p-type doping in ZnO has opened a door for its practical
applications to optoelectronic devices, such as light-emitting diodes (LEDs), UV lasers,
and UV light detectors, which can be an alternative to those based on GaN. Larger-size
group V elements, such as P, As, Sb, and Bi have been widely studied as possible p-type
dopants for ZnQ.’": !4 N6-418 120 [t wag predicted by Limpijumnong et al'™ that under
oxygen-rich growth/annealing conditions, a complex mechanism involving a group V
atom (e.g. As) and two Zn vacancies (Aszy,-2Vz,) would have a low formation energy, and
behaves as a shallow acceptor with an ionization energy of 150-160 meV. The Asz,-2Vz,
complex is formed when an As atom occupies a Zn “antisite” and is decorated with two
7Zn vacancies. A similar conclusion was made by Lee ef al''® for P. Although both stable

91,117, 118,232

n- and p-type ZnO films have been claimed to be grown, there are only a few

11,112,233, 234 and only a few more on heterojunction

reports on ZnO homojunction LEDs,
LEDs.'3% 232235241 The UV and/or blue light emission intensity under forward bias is so
far not comparable with those of GaN-based devices, while it was demonstrated by Jeong
et al™® that ZnO NW-inserted heterojunciton LEDs can exhibit improved EL emission
and carrier injection efficiency.

In this chapter, we present the fabrication and characterization of stable p-n
homojunction ZnO NR array LEDs. The p-n NR diodes were prepared by VPT method

followed by As” ion implantation. Strong red electroluminescence from these p-n diodes

has been observed.
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8.2 Experimental details

8.2.1 Growth of aligned nanorods
The ZnO vertical aligned NRs with diameters ranging from 50 to 200 nm and length
of up to 5 um were grown on 1x1.5 cm? Si substrates via a simple VPT method in a

horizontal tube furnace. The detailed synthesis was described in Section 6.2.1.

8.2.2 As’ ion implantation

The as-grown ZnO NR arrays were annealed and subsequently implanted using
VARIAN (E-220) ion implanter with 50 and 180 keV As" ions at a dose of 10" ecm™
perpendicularly to the aligned NRs. The simulated projecting ranges of the implanted ions
were 20 and 61.9 nm, and the longitudinal straggling were 8.9 and 24.4 nm for ion
energies of 50 and 180 keV, respectively. Annealing of the as-grown and As-implanted
Zn0O NRs were performed for 2 hours at 750°C under vacuum (~5%107 Torr), with O,

flow of 50 sccm for both.

8.2.3 Device fabrication

Figure 8.1 is the schematic diagram of the p-ZnO:As NRs/n-ZnO NRs homojunction
LEDs on #n-ZnO film/n-Si substrate. After the As” ion implantation and thermal annealing,
the top layer of the vertically aligned intrinsic ZnO NRs is doped with As” ions, which is
indicated in purple in Figure 8.1. For the bottom contact, the backside of the Si substrate
was etched by 2% HF solution to remove the oxide layer, followed by sputtering of a

thick Au cathode. Preparation of the Au contact to the ZnO NRs relies on the use of
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hydrophobic poly(methyl methacrylate) (PMMA) as an electrically insulating layer.
PMMA is commonly used in the field of sensors, coatings, biomaterials etc., due to its
good optical transparency, easy fabrication process, temperature resistance etc.”*>**? The
deposition of the insulator was carried out by several cycles of spin-coating a Smg/ml
solution of PMMA diluted in toluene onto the ZnO NRs followed by drying in air. The
thickness of the PMMA layer was controlled so that the space between the NRs is
homogeneously filled while there is only very thin coverage of PMMA on the top of the
NRs.

To further reduce the insulator coverage and improve the Au-ZnO contact, the PMMA
was thinned by O, plasma etching at a pressure of 10 Pa, where the DC voltage and
treatment time were 1.5 kV and 10-15 s, respectively. Then the top surface of exposed

ZnO tips and PMMA was patterned with a thin layer of Au (20-30 nm), which was

~20 nm Au layer ----.
p-ZnO:As 4—[ l

Figure 8.1 Schematic illustration of the p-ZnO:As/n-ZnO NR homojunction

device on Si substrate.
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sputtered on the top of the PMMA film, serving as the anode contact (Figure 8.1). There
is no further coating of other materials to minimize the absorption of the emitted light

from the device by this top metal layer.

8.3 Results and discussion

8.3.1 I-V characteristics of single nanorod after As-doping

The as-annealed NRs were measured in vacuum by a Zyvex KZ100 Nanoprobing and
Nanomanipulator system, where the contact between tungsten probe and ZnO NR was
improved by sputtering a thin layer of Au onto the probe. Figure 8.2 (a) shows typical
current versus voltage (/-V) characteristics of the single vertically aligned NR p-
Zn0:As/n-ZnO homojunctions, where the top layers of intrinsic NRs were doped by 180
keV As” ions with the ion dose of 10" cm? (Curves a and b recorded from different
NRs). For comparison, Curve ¢ is the I-V characteristics of n-ZnO/n-ZnO, and Curve d is
that of a single #-ZnO NR/n-ZnO seed layer/n"-Si heterojunction, both measured from an
undoped reference sample. The schematic diagram of the measurement is shown as inset
at top left. Figure 8.2 (b) shows the semi-log plots of Curves a and b to clearly resolve
both forward (F) and reverse (R) currents. It can be seen that the I-V characteristics of
single As-doped ZnO NR (curve a and b) show apparent electrical rectifying behavior that
is consistent with the formation of a typical p-» junction. The forward current is around
two orders higher than the reverse current in the low bias voltage range, with the reverse

saturation current in the range of 5-100 nA. The forward turn-on voltage of both Curves a
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Figure 8.2 (a) Current-voltage characteristics of the single NR probed by a Zyvex

nanomanipulator at room temperature, where positive voltage corresponds to the

probe at the tip of the NRs. All the tungsten tips were coated by a thin Au film to

improve the contact. Curve a and b were measured from the ZnO NR implanted

with 180 keV As” ions with a dose of 10"* cm™. Curve ¢ corresponds to the

undoped ZnO NR. Curve d was measured from the undoped NR tip to the n'-type

Si substrate by probing the positive probe on tip of the NR. The inset shows their

schematic diagram. (b) Semi-log plot of curves a and b. F denotes forward bias,

109

and R denotes reverse bias.


DRD
Stamp

DRD
Rectangle

DRD
Rectangle


ATTENTION: The Si

Chapter 8 ZnO Nanorod Homostructure Light-Emitting Diodes

and b occurs at ~1 V. This single NR /-V characteristic is in agreement with that reported
previously for a p-ZnO/n-ZnO film homojunction diode, in which the turn-on voltage

"V This is remarkably low compared with

commonly appears in the range from 1-3 V.
other wide band-gap materials such as GaN and ZnSe, and even smaller than the direct
band-gap energy of ZnO, which could be attributed to the deep-level doping of ZnO.
Compared with diffusion doping, which can introduce very high concentrations of
dopants into the semiconductor forming linearly graded junction, the ion implantation is
able to control dopant dosage into specific region with high precision, forming a more
abrupt junction. The /-V characteristics can be expressed by a junction rectifying model,
based on the assumption of abrupt junction at the p-» interface:

I=I) [exp(V/nV))-1], (8.1
where I is the reverse saturation current, V' is the forward-biased voltage, » is the ideality
factor, V, =kT/e is the thermal voltage. When the I-V curve is dominated by an ideal
diffusion current, »=1; whereas when the I-V curve is dominated by a recombination
current, n=2. Usually, both mechanisms are at play, and » has a value between 1 and 2.
Both semi-log plots of / versus V' show two regions in the positive voltage region, as
shown in Figure 8.2 (b). The ideality factors » derived from Curve a are 3.9 and 22 for
Region | (i.e., ¥<0.6 V) and Region II (i.e., 0.6<V<1.3V), respectively. The ideality
factors n derived from Curve b show small variation from Curve a, which are 3.0 and 16.6
for Region I (i.e., ¥<0.5 V) and Region II (i.e., 0.5<V<1.8V), respectively. The reverse
saturation current Jp is ~10"° A and 10”7 A calculated from Equation 8.1, for Region I and
I1, respectively. The ideality factor obtained is similar to those observed for bulk ZnO p-n

homojunctions reported elsewhere, such as 4.3 for p-ZnO:(N,Al)/n-ZnO:Al, 3-25 for p-
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Zn0:As/n-ZnO homojunctions.''" "7 The derivation from the ideal case (n =1) would be
attributed to the rectification in Au/ZnO NR contact (Schottky diode), deep-level-assisted

111

tunneling or parasitic rectifying junctions within the diode " and imperfections in

forming the abrupt p-» junction by ion implantation.

8.3.2 Morphology of PMMA coated NR sample

Figure 8.3 (a) and (b) show the top- and side-view SEM images of the ZnO NR arrays
embedded in the PMMA layer, respectively. Inset shows a higher-magnification SEM
image with the sample tilted by 20° for a better view. The synthesis of ZnO NRs resulted
in a preferential growth direction along the c-axis of ZnO normal to the substrate surface.
The top- and side-view SEM images clearly revealed the general morphology of the ZnO
NR arrays grown on the Si substrate, showing uniform distributions in their diameters and
lengths. The tip of the NR is flat and hexagonally faceted. It can be seen that the NRs are
slightly thicker at top and thinner at bottom [Figure 8.3(b)]. Therefore, ion implantation
into the side wall of the NRs is not likely to happen, which helps to confine the As” ions
only in the tip region. A thin layer of the insulator material on the ZnO could be seen in

Figure 8.3 (a), where the coating is continuously covering the NRs of different lengths.

111


DRD
Rectangle

DRD
Rectangle


ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 8 ZnO Nanorod Homostructure Light-Emitting Diodes

Figure 8.3 (a,b) SEM image of the top view and side view of a ZnO NR sample
coated with thin PMMA film, respectively. Inset in (a) shows the higher-

magnification SEM image of the PMMA film coated NRs tilted by 20 °.

8.3.3 I-V characteristics of the devices

Figure 8.4 (a) shows the /-V characteristics obtained by sweeping from -10V to 10V
measured by a probe station of the NR-based LED device (Au/p-ZnO/n-ZnO/n-ZnO
film/n"-Si/Au, Figure 8.1). All currents are normalized to an area of 1 cm?®. The I-V
characteristics of the devices implanted with 50 keV and 180 keV 10" ¢cm™ As" ions are
indicated by curves 4 and B, respectively. The inset shows the I-V characteristics of »-
ZnO/n"-Si substrate heterojunction. Both the curves show an acceptable rectification

behavior, which is similar to the /-V characteristics of single NRs shown in Figure 8.2,
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probed by nanomanipulator, and the results are reproducible. The turn-on voltages are
2.88 and 0.79 V at a current of 1 mA/cm?, and the working currents are 3.19, and 49.0
mA/cm’ at 5V forward bias for Curves A and B, respectively. It is obvious that the ion
energy affects the rectification behavior as a lower reverse breakdown voltage and a lower
forward turn-on voltage could be observed for devices implanted with higher ion energy.
Compared with devices implanted with 50 keV As" ions, the lattice damage of the devices
introduced by the 180 keV As" ion implantation may not be fully recovered after thermal
annealing, and therefore deep-level-assisted tunneling or other possible leakage current
may flow through the junction under reverse bias voltage. It is not surprising that the n-
ZnO/n"-Si substrate heterojunction exhibit weak rectifying -V characteristics, as shown in
the inset. The current is two orders higher for 180 keV implanted sample compared to that
of the 50 keV As" implanted one.

The forward biased regions of the devices are further studied by re-plotting Curves A
and B in semi-log scale as shown in Figure 8.4 (b), and three different regions appears,
depending on the range of the bias voltage we considered. The fitting results are
summarized in Table 8.1. As can be seen in Figure 8.4 (b), for a low bias voltage (Region
I), the currents of both devices increase linearly in the region, and the ideality factor of
Curve B fitted from Equation 8.1 agrees well with that of single NRs (Curves a and b).
However, the reverse saturation currents of devices are much higher than that of single
NRs, which can be attributed to imperfection of the NR alignment and Au electrode that
deposited on top of spin-coated PMMA. The large ideality factor of Curve 4 compared
with Curve B indicates derivation from ideal abrupt junction, which might be attributed to

low implantation dosage. For Region 1I, both the I-V characteristics deviate far from an
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Figure 8.4 (a) Current-voltage characteristics of the devices measured by probing
station implanted with 10> cm™ dose of 50 and 180 keV As" ions for Curves 4
and B, respectively. All current are normalized to area of 1 cm’. The inset shows
the current-voltage characteristics of undoped ZnO NR devices, showing a weak
rectification behavior of the #n-ZnO/n"-Si heterojunction. (b) Semi-log plots of

positive voltage regions of curves ¢ and d shown in (a).
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Table 8.1 Three region fitting results of -V characteristics of Curves ¢ and d.

Region 1 Region I1 Region IIT
I-V curve Equation 8.1 Equation 8.1 I~(V-V,Y

V<0.6 V 0.6 V<V<3.5V V>3.5V
Curve A n=53, [,=8x10° A n=64.6, [;=2x10" A p=2.4, V,=-0.93V

V<0.5V 0.5 V<P<2.5V V>2.5V
Curve B n=9.5, [=3x10" A n=77.0, 1,;=7.8x10" A p=2.2, V/=-1.35V

ideal case of junction rectifying model (Equation 8.1), indicated by large ideality factors
around 70. This is usually observed in the wide band gap p-n diodes, due to
recombination-tunneling mechanism.”** > ¥ For Region 1II, the -V characteristics
follow a power law I~(V-V,)’ where the current conduction is attributed to the space-
charge-limited current (SCLC) for a single carrier (electron) injection since concentration
of the electrons are larger than the holes in our case. An exponent greater than 2 is
indicative of SCLC mechanism which is a normal phenomenon in the wide band gap

. 40, 24
semiconductors.>*% 24!

8.3.4 Electroluminescence spectra

As shown in Figure 8.5 (a) and (b), light emitted from both devices is significantly
strong and clearly visible in ambient room light, whereas the emission cannot be
measured from undoped ZnO NRs. The EL spectra of the ZnO NR homojunction diode

recorded at room temperature under various forward injection currents with the ion
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Figure 8.5 (a,b) Photos of the 50 keV, 10> em™ As” doped ZnO NR

homojunction devices applied with 5 and 10 V forward bias, respectively. (c)

Semi-log plot of the EL spectra. The measurement was conducted in ambient air

at room temperature, as a function of forward bias voltage. The spectrum was

recorded with a resolution of 1 nm and each step was averaged after integration

for 1 s. A typical photoluminescence spectrum of the device is also shown in (c)

(right Y-axis). (d) The corresponding semi-log plot of the red peak intensity as a

function of current.
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implantation condition of 10" and 50 keV are shown in Figure 8.5 (c). The peak
intensities as a function of injection current are depicted in the insets. As shown in Figure
8.5 (c), the spectrum is dominated by a broad red band peaked at ~630 nm. As the applied
forward bias voltage increased from 4 to 5 V, the red EL emission showed a drastic
increase in its intensity. The blueshift of the emission band with the injection current
(from 663 to 627 nm when current injection increased from 8.61 to 30.4 mA) suggests
that the Iluminescence mechanism originated from the donor-acceptor pair

23 As the injected current increases, electrons and holes will occupy higher

recombination.
energy levels, they recombine and thus emit shorter wavelength light, which induces the
blueshift of the visible band peak. A weak luminescence centered at ~390 nm could be
observed for applied voltages above 5 V, which is attributed to exciton recombination in
Zn0.”® The device has a low turn-on voltage which is just above the band-gap value
(3.35 eV at room temperature). As shown in the inset, the luminescence intensity of red
band exponentially increases with injected current up to 6 V forward bias, indicating
increased emission efficiency at higher current injection. We believe the good crystal
quality of NR prepared by VPT method helps the electron injection from the intrinsic ZnO
into the As-doped ZnO. The luminescence intensity approaches saturation with a 7 V
forward bias. Unrecoverable device degradation is observed upon 10 V forward bias,
which could be attributed to p-n junction breakdown and/or creation of dark current path
between i-ZnO and the Au anode. All the as-grown ZnO NR samples, after ion
implantation followed by thermal annealing, as well as PMMA coating, show similar PL

spectra (Figure 8.5, right Y axis), which were excited by a 325 nm He-Cd laser. The broad

green band emission peaked at ~500 nm is originated from surface defects such as oxygen
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vacancies, and a weak peak at ~378 nm is originated from free exciton recombination. It
is worth noting that the band shape of both green emission (PL) and red emission (EL) are
quite similar. However, the redshift ~130 nm (0.5 eV) indicates the As” doping into the
ZnO lattice, compared to the PL spectrum of ZnO. It is worth noting that there is no
difference in PL spectra before and after ion implantation, because the implanted layer is
rather thin and the emission under UV excitation is much weaker than that of undoped
ZnO. The differences of PL and EL after ion implantation could be attributed to the
different excitation mechanisms and excitation intensities. EL in our devices is more
sensitive to the physical structures of the optically active layers, the electrical properties
of n- and p-type conductive regions.

We should note that according to our experimental results, ZnO NRs results to be
more advantageous than simple ZnO films and single crystal in forming p-n junctions
after As” ion implantation. In contrast, ion implantation into ZnO films and single crystals
did not result in p-n diodes with rectifying -V characteristics, but only in a highly
conductive n-type material. This difference could be attributed to the electronic grade

purity and high crystal quality of ZnO NRs.

8.4 Summary

In summary, we have demonstrated a simple method for achieving repeatable p-n
homojunction ZnO LEDs based on aligned ZnO NR nanostructures. Single As-implanted
ZnO NR has been probed and the /-V results showed typical rectifying /-V characteristics.
The exponential increase in luminescence intensity as a function of injection current

indicates a high efficiency of the nanostructure-based LED devices.
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Chapter 9 CONCLUSIONS AND

FUTURE WORK

9.1 Conclusions

In conclusion, two new morphologies of ZnO, microraft with diamond-shaped cross
section, and resistor-shaped NW composed of a pair of crystallites, have been fabricated
in atmosphere.

By doping the ZnO with Cu, microrafts have been grown. Detailed XRD, SEM, and

TEM characterizations show that the microrafts consist of a backbone growing along [01
10] direction with side branches in parallel, which are diamond-shaped rods, growing
along [0001] direction. The copper-doped microrafts show a clear ferromagnetic behavior
with a high H, and small SFD value, which may have potential applications in data
storage.

By introducing trace amount of Cu and water into the growth system, RSNWs have
been fabricated. Detailed SEM and TEM analysis revealed the novel resistor-shaped
morphology of this kind of NWs. The “in series” connection between two NWs could be
frequently observed. The RSNWs are growing along +[0001] directions, and are
composed of a pair of crystallites of wurtzite ZnO. The PL spectrum is composed of both
strong UV and green emissions, which can be attributed to the high surface-to-volume

ratio. The growth mechanisms for both morphologies have been explained.
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Based on the controlled growth of NCBs, RNWs, and ANWSs, surface modifications
on these nanostructures by Ti/Ni-PIII technique with low bias voltages up to 10 kV have
been studied for the first time. The ion energy dependent surface modifications on ZnO
NCBs have been investigated using HRTEM and temperature-dependent PL. The results
show that for NCBs, the surface-originated exciton emission could be completely
quenched after 5 kV PIII, and the SX related surface states are located within 5 nm in
depth from the surface corresponding to the ion implantation depth of 5 kV Ti-PIIl. The
UV luminescence enhancement at room temperature has been achieved. The origin of the
GB luminescence has been found to be located at a depth that is morphology dependent.
For both NCBs and RNWs grown with sufficient oxygen content, the depth is very small,
~0.5 nm, corresponding to the Ni ion implantation depth. However, the GB luminescence
origin of ANWs grown at lower oxygen content is much deeper (~ 7 nm) with a complete
quenching bias of 10 kV. Quenching of the green band can be attributed to passivation of
the surface hole or electron trapping sites (oxygen vacancies) by Ni ions.

The RNWs have been successfully applied as templates to prepare ternary oxide, i.e.
Zn;TiO4 NWs. Twinned Zn,TiO4 spinel NWs have been synthesized from ZnO/Ti
core/shell nanostructures through a solid-state reaction of ZnO and Ti conducted at 800°.
Detailed TEM analyses have revealed the nature of the ZnO/Ti core/shell structure, as

well as the twinned crystalline structure of Zn,TiO4 spinel NWs. The Zn,;TiO4 NWs are

composed of subcrystallites about 4-50 nm in width, which are growing along <111>
direction. The formation mechanism of this twinned spinel NW has been studied.
The ANWs have been successfully applied in the fabrication of p-n homojunction

LED devices. Stable and repeatable red EL has been observed from a simple
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homojunction diode structure based on ZnO NR arrays, where the p-type ZnO on top of
the NR was formed by As" ion implantation into the as-grown NRs. The [V
characterization of single as-grown and As-doped NRs showed linear and good
rectification characteristics, respectively, confirming the formation of p-n homojunctions
by ion implantation. The emission intensity of these LEDs increases exponentially with

injected current, suggesting high efficiency of these nanostructure-based LEDs.

9.2 Recommendations for future research

9.2.1 Application of surface modified NWs in optically pumped lasing

As-shown in Chapter 5, the surface modified NWs show enhanced UV luminescence
at room temperature. It is also expected that the surface modified NWs can emit UV light
at higher temperature compared with un-treated NWs. Efficient lasing effect at high

temperature upon optical pumping is also expected.

9.2.2 Application of doped ZnO in spintronics

Diluted magnetic semiconductors (DMS) also referred to as semimagnetic
semiconductors, are alloys whose lattices are in part made up of substitutional magnetic
atoms. DMS offer the possibility of studying magnetic phenomena in crystals with a
simple band structure and they have excellent magneto-optical and transport properties. A
key goal in this field is achieving room temperature ferromagnetism in the DMS.
Recently, ZnO has been identified as a promising candidate for room temperature

spintronics.'”" " Band structure calculations suggest that p-type ZnO doped with Cr, Fe,

121



ATTENTION: The

o the use of this document. Nanyang Technological University Library

Chapter 9 Conclusions and Future Work

Co, and Ni may be a transparent ferromagnetic. Our work presented in Chapter 3 also
demonstrated the ferromagnetism of Cu-doped ZnO microstructures. However, the Cu
dose is difficult to vary and doping may not be homogeneous into the nanostructure by a
simple VPT method.

As-shown in Chapter 5 and 6, the surface modification by PIII applies only a few kV
bias voltages. As the ion energy increases, ion implantation is possible for ZnO NWs,
which is a precise way in controlling both ion dosage and implantation depth. It is
interesting to investigate ZnO-based DMS with PIII technique in the future research

works.

9.2.3 UV LEDs based on ANWs

As-shown in Chapter 8, we have demonstrated a reliable way to fabricate red LEDs
based on ZnO NWs. However, reliable UV region homojunction LEDs are yet to be
demonstrated. The future research in this direction will focus on fabrication and
characterization of UV LEDs based on ZnO p-n homojunctions. It is also interesting to

demonstrate lasing action of these devices.
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