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ABSTRACT

The work presented in this thesis describes the growth and characterizations of
ZnO nanostructures with a focus on studying their field emission properties. Successful
synthesis of various doped and undoped ZnO nanostructures with different
morphologies and compositions on different substrates (zinc foil, silicon, titanium and
tungsten) viatwo different fabrication techniques (i.e. hydrothermal method and thermal
evaporation process) were successfully accomplished. The morphological, structural,
compositional and optical properties of as synthesized ZnO nanostructures were
characterized by various analytical techniques. In addition, plausible growth
mechanisms based on the crystallographic properties of the wurtzite hexagonal ZnO and
the physical and chemical reactions involved in the growth process have been proposed
for all prepared ZnO nanostructures.

The influence of the surface morphology on the field emission properties of ZnO
nanostructures was aso studied. It was found that, the turn-on and threshold voltages of
the 2D ZnO nanosheets interconnect to be high compared to that in the ZnO nanorods.
In the meantime, ZnO nanorods exhibits much more stable current than nanosheets and
thisis mainly due to the uniformity (i.e. shape and size) of the ZnO nanorods.

The doping also has significant effect on the morphology as well as the electrical
properties of the grown ZnO nanostructures and thus the field emission properties.
Different ratios of galium doping led to two different types of morphologies
(nanoneedles and multipods). A significant enhancement of the field emission
performance of Ga-doped ZnO nanostructures (nanoneedles and multipods) is attained
and this is due to the combined effect of the geometrical enhancement factor and the
doping effect. Similarly, the In-doped ZnO nanopencils exhibits enhanced emission
performance with very low turn on voltage which is related to both the distinctive
geometrical configuration and the improvement in the electrica properties (i.e.
conductivity and carrier concentration) due to indium doping.

Finally, an important goal/objective of this thesis is the application of the ZnO
nanorods as aternative high brightness electron cathodes and for their use in harsh
environment have been explored and presented. A new approach to fabricate novel a
field emitter electron cathode based on ZnO nanostructures is reported. The preliminary
results obtained are very encouraging but more experiments are needed before its use in

either the field emission display or electron microscopy.
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CHAPTER1
INTRODUCTION

1.1 General introduction of nanomaterials

One widely accepted definition of nanostructures is to represent a system or an
object with at least one dimension being 100 nm or less. The unique properties of
nanomaterials over bulk material are due to their large number of grain boundaries,
quantum confinement and its large surface area to volume ratio’. The impact of these
significant changes on the intrinsic properties results in it exhibiting new physical
phenomena, opening therefore new horizon to thisfield.

Several methods have been utilised and reported in the literature for the
fabrication of nanomaterials. Generally, there are two approaches to produce these: a
top down approach and a bottom up approach that play a very important role in modern
industry and most likely in nanotechnology as well. For microelectronics fabrication,
the top down approach is more practical in which small features are patterned in bulk
materials by the combination of lithography, etching and deposition forming functional
devices™>. Nevertheless, in order to meet the demand of nanoscale of a lesser defects
structures, more homogeneous chemical composition, the bottom-up approach is
considered a powerful approach instead of the conventional methods”.

Nanocrystalline materials can be classified into severa groups according to their
dimensional direction: nanoclusters, nanocrystals, or nanoparticles (quantum dots) are
zero-dimensiona nanomaterials, whereas, nanotubes, nanowires, nanorods and
nanobelts are of 1-dimensional direction (1D) and finaly, films and sheets are
considered a 2-dimensional nanomaterials™®.

Owing to their unique physical, chemical and mechanical properties over bulk
materials, the study of 1D nanostructural materials is exceptionally active area in the
scientific field. For instance its high physical aspect ratio, alows for it being utilised in
field emission (FE) applications including vacuum microel ectronics devices such as FE
electron sources, FE display and X-ray sources. For their excellent field emission

properties slemming from their high aspect ratio”®, the carbon nanotubes (CNTs) that
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was discovered by lijima in 1991 was by far the elite candidate to overtake the

conventional tungsten cold field emission (CFE) cathode. However, being
comprehensively examined and studied over the last decade, CNTs turned out to be less
practical mainly because of two reasons. Firstly, their emission is sensitive to the
surrounding environment, predominantly H>O and O, adsorbates which lead to low
stability'®*2. Secondly, being highly influenced by the fabrication technique i.e. how it
is rolled, results in voltage drop variations across the conducting and semiconducting
CNTs. The voltage drop then varies the electric field along with the electron emission
from the CNTs™,

Recently, a rapidly growing interest in investigating other novel nanomaterials
as alternative potential cold FE cathodes in vacuum devices is discernible. The wide
band-gap inorganic semiconductor nanostructures were among the investigated
candidates which exhibited desirable field emission properties similar to that of the
CNTs™. Owing to high aspect ratio, high mechanical stability and oxidation resistance,
high chemical and thermal stability and with the rolling problem being eliminated,
metal oxide nanostructures are predominantly attractive aternative for field emission
applications™. The Growth as well as field emission brilliance of 1D structure of several
metal oxides and particularly zinc oxide has been reported in the literature. Zinc oxides
present themselves as a promising material for the fabrication of effective nanodevices
due to its exceptional properties such as wide band gap (3.37 €V), high exciton binding
energy (60 meV) at room-temperature, low electron affinity, high mechanical strength
and chemical and thermal stability™®.

Hitherto, a variety of ZnO nano- and microstructures have been synthesized
using various fabrication techniques and their optical and FE properties have been
examined in the literature™®. The conclusive trend suggests that the morphologies, the
density and the alignment of the nanostructures are significantly influential on the FE

and optical properties of these nanostructures.
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12  General propertiesof zinc oxide nanomaterials

This section will cover some of the fundamental properties of ZnO

nanostructures.

Zinc oxide (ZnO) is one of 11-VI compounds with some exceptional properties'”
19" As mentioned before (section 1.1) the ZnO is a direct and a wide band gap (3.37 eV)
which is highly influential on some of the material’s properties such as, the optical
absorption, electrical conductivity and field emission'®. More over ZnO has large
exciton binding energy of 60 meV at room temperature, in addition, the crystalline ZnO
nanoscale, has awurtzite structure which is the ultimately stable and thus most common

at ambient conditions (temperature and pressure)™.

The wurtzite structure is of a hexagonal unit cell with two lattice parameters
a=3.25A and ¢=5.2065A and their ratio c/a ~ 1.6 which is close to the ideal value of
hexagonal cell c/a = 1.633. As figure 1.1 shows, the structure consists of two
interpenetrating hexagonal close packed (hcp) sub-lattices, in which each has one type
of atom (Zn or O) stacked aternatively along the threefold of c-axis™. Such structure
can be simply described as a number of alternating planes stacked layer by layer along
the c-axis direction and composed of tetrahedrally coordinated Zn?* and O* ions.

The tetrahedral coordination of ZnO also exhibits non-centrosymmetric
behaviour, two polar surfaces on opposite sides and each terminated with one type of
ions only. Depending on the bonds nature along the c-axis, two types of polarity can be
distinguished: Zn polarity when the bonds along the c-axis are from cation (Zn) to anion
(O) and oxygen polarity when the bonds along the c-axis are from anion (O) to cation
(Zn). The polarity is an essential factor in the crystal growth, defect generation,
plasticity, etching etc. additionally; the polarity is correspondingly responsible for a
number of properties of ZnO such as spontaneous polarization and piezoelectricity. In

addition to polar surfaces, it also has non polar surfaces®.

ZnO wurtzite structure has four common facets theses are, the polar Zn-
terminated- (0001) and O-terminated- (OOOi) faces (c-axis oriented), and the non polar

(2110) (a-axis) and (0110) faces which contain an equal number of Zn and O atoms?.
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In wurtzite hexagonal ZnO, where each anion is surrounded by four cation at the
corners of the tetrahedron, shows the tetrahedral coordination and hence exhibits the sp®
covalent bonds. Because of the strong ionic bond between Zn and O, the ionicity of the
ZnO resides at the borderline of the ionic and covalent semiconductors with an ionicity
of f=0.616 on Phillipsionicity scale®.

Zinc atom Oxygen atom

\
T L
A\

C=0.5207nm

a=b=0.3249nm

Figure 1.1 Hexagona wurtzite structure model of ZnO. Oxygen atoms are shown as

larger yellow spheres while the zinc atoms are smaller white spheres®,
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1.3  General synthetic methods of metal oxide nanomaterials

Significant research efforts have been dedicated recently to fabricate efficient
miniaturized devices to be applied to various nanoel ectronics and photonics technology.
Depending on the synthesis environment, the various fabrication techniques that have
been utilized for synthesising metal oxides nanostructures are divided into two
categories: (1) vapour phase growth; (2) solution phase growth process.

1.3.1 Vapour phase growth process

The vapour phase deposition is the most versatile technique for the growth of
multipurpose group of nanostructures. It is based on the reaction between the metal
vapour and oxygen gas, in which the vapour species of the source materials are
generated first at high temperatures, and then condense, nucleate and grow at lower

temperature respectively.

In order to control the diameter, aspect ratio and crystallinity, various techniques
have been explored including the thermal evaporation, pulse laser deposition (PLD),
metal organic chemical vapour deposition (MOCVD), sputtering process, thermal
chemical vapour deposition etc. Nevertheless, in general, two growth mechanisms for
the formation of these metal oxide nanostructures are associated with the former
techniques: vapour-liquid-solid (VLS) and vapour-solid (VS) process.

1) Vapour-liquid solid mechanism: Vapour-liquid solid mechanism that was firstly
proposed by Wagner and Ellis in 1964% is one of the most successful techniques which
is used for the growth of crystalline one-dimensional nanostructures. The growth of
silicon whiskers was eventually implemented and observed later®. Wu et al.
demonstrated the direct Ge nanowire growth by the vapour liquid solid mechanism
observed by the means of real time in situ transmission electron microscope®.

The VLS mechanism is a catalyst assisted process in which the metal
nanoclusters or metal nanoparticals are utilised as nucleation sites for the growth of one-
dimensional nanostructures. In this process, the gaseous reactants dissolve within the
catalytic particles and form the aloy droplets which play an important role in the

growth of one-dimensional nanostructures. Precipitation occurs when the liquid droplet

5
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becomes supersaturated with the source material and under appropriate gas flow with

increasing the time, the precipitation increases leading to the formation of
corresponding metal oxide crystals. Normally the resulting crystal is grown along one
particular crystallographic orientation which corresponds to the minimum atomic
stacking energy forming eventually the one-dimensional structure. So far selections of
metal oxide nanostructures have been synthesized using this mechanism (i.e. VLS
mechanism) such as ZnO, MgO, CdO, TiOy, SnO,, 1,05, Fe03, WOs, Ga,03 etc® .
However, the mgor drawback of the VLS technique is not being applicable to metals.
The necessary use of a metal as the catalyst may also contaminate the semiconductor

nanowires and thus potentially change their properties.

i) Vapour-solid mechanism: The vapour solid mechanism is another important
mechanism for the formation of nanostructures. This process occurs in many catalyst-
free growth processes. Although, an in depth understanding of the V'S process is absent
in the literature, it is generally accepted that the control of supersaturation is a prime
consideration to obtain nanostructures especially the one dimensional form. The degree
of the supersaturation is an important factor of determining the dominant growth
morphology. Accordingly, a low supersaturation can give whiskers growth whereas a
medium supersaturation is desirable for bulk growth and for the powder growth high
supersaturation is necessary>'. Some experimental and theoretical studies have reported
that the minimization of surface free energy primarily governs VS process. Under high
temperature, the source materials are vaporized and then directly condensed onto the
substrate placed at low temperature region. After initial condensation, the condensed
molecules form seed crystals serving as nucleation sites facilitate directional growth to
minimize the surface energy. Several metal oxides have been formed using V'S process
such as ZnO, Ga,0z, SNO,, TiO, etc*’.

1.3.1.1 Thermal evaporation process

The nanostructures grown by the thermal evaporation are diverse and the
resultant nanowires are practically used in several semiconductors materials'’. The
thermal evaporation instrument consists of a high temperature thermal furnace, typically

operated at low pressures, to heat and evaporate the source material. The vapour is
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transferred to relatively lower a temperature region for the deposition of the

nanostructure. This method is considered in more details in chapter 3.

1.3.1.2 Pulsed laser deposition process

By implementing the laser ablation technique, the Pulsed Laser Deposition
(PLD) is a highly efficient method to produce thin films®. The PLD technique was first
used by Smith and Turner in 1965 for the preparation of the semiconductors and
dielectric thin films. However, the PLD is advantageous over previous growth methods
as it can be applied to a wide range of materials, especially to compounds that are
difficult or impossible to produce in thin-film form. The typical set-up includes an
ultrahigh vacuum chamber, solid target and high power laser as shown in figure 1.2.
The fundamental principle of PLD is simple, in which a pulsed laser beam is focused
onto the surface of a solid target. The strong absorption of the electromagnetic radiation
by the solid surface leads to rapid evaporation of the target materials. A plume of
material with stoichiometry similar to the target will be generated in front of the target
surface. Finally the ablated species condense on the substrate placed opposite to the
target forming thin film. Indeed, PLD is probably the simplest among all thin film
growth techniques as only a few parameters, such as laser energy density and pulse of
repetition rate, need to be controlled during the process. This technique has been used
for the synthesis of a variety of 1D nanostructure including complex compounds and

core shell structured nanostructures®>,

Vacuum chamberl & Laser beam
| Targetmaterial /_W

L I Laser plume. I_I:JJ
AN

Figurel.2 Schematic of PLD system.
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1.3.1.3 Sputtering process

Sputtering is a physical vapour deposition (PVD) method whereby atoms in a
solid target material are gected into the gas phase due to bombardment of the material
by energetic ions and eventually deposited on a substrate to be coated. It is largely
driven by momentum exchange between the ions and atoms in the material due to
collisions. Surface diffusion is usually used for explanation of the nanoscale islands or
rods’ growth during the sputtering process. Although there are different types of sputter
deposition techniques, however, they all have the same principle for the evaporation. A
schematic diagram of a typical RF sputtering system is shown in the figure 1.3.
Recently, the sputtering technologies have been employed to synthesise a variety of
nanostructures for instance ZnO, W, Si, B, CN etc®*,

lMass flow controller

Vacuum Chamber

MFC . Plasma

Substrate holder ,
I
Substrate LSh utter
Ar X /I/TBrget
Gas T -

Vacuum
pump

Figurel.3 Schematic of typical RF sputtering system.
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1.3.1.4 Metal organic chemical vapour deposition (MOCVD) process

Metal organic chemical vapour deposition (MOCVD) also known as metal
organic vapour phase epitaxy (MOVPE) is used for preparing thin films by depositing
atoms on a wafer substrate. It has been extensively utilized in academic research and
semiconductors industry for severa thin films growth.

For specific crysta growth, the desired atoms are combined with complex
organic gas molecules and passed over a hot semiconductor wafer. The heat breaks the
molecules and deposits these atoms layer by layer onto the substrate surface. The
undesired remnant are then removed or deposited on the walls of the reactor. By varying
the composition of the gas, the crystal properties at amost atomic scale can be changed.
Using this technique, layers of precisely controlled thickness can be built, which is
essential in creating a material with specific optical and electrical properties. The
MOCVD facilitate the building of arange of semiconductor photo detectors and lasers.
In addition to the growth of thin films growth, scientists recently were motivated to
grow nanostructures by this technique. Their efforts have fruitfully resulted in

synthesizing selections of semiconductor nanostructures that is reported in the

39-41.
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Figurel.3 Schematic of typical vertical MOCVD system.
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1.3.2 Solution phase growth process

A solution phase growth process is a common method to synthesize many
nanostructures, as it is advantages in numerous aspects over the vapour phase synthesis.
In addition to its high yield growth, it provides multi environmental growth process,
low cost and low temperature.

On the other hand, large amount of impurities are inherently present in the fina
products, hindering therefore their applications. Several approaches stem from the
solution growth of nanostructures; these are the sol-gel technique, electrochemical
deposition, and surfactant assisted growth processes, sonochemical method,

hydrothermal and solvothermal methods and so on.

1.3.2.1 sol-gel deposition technique

The sol-gel processis a versatile solution process for making ceramic and glass
materials. Generally, the sol-gel process involves the transition of a system from a
liquid “sol” (mostly colloidal) into a solid “gel” phase. As a first step, colloidal
suspension (sol) of the desired particles is prepared from the solution of the precursor
molecules. As the appropriate reaction time is elapsed, the final product is obtained
after athermal treatment to remove the gel. Several nanostructures have recently been
synthesized by this method such as ZnO, MnO,, ZrO,, TiO, CuO and V,05%*,

1.3.2.2 Electrochemical deposition process

In addition to being a convenient method to synthesize metal oxide
nanostructures, the electrochemical deposition (ECD) process is dedicated to fabricate
metallic nanowires in the porous structures. The ECD method, from dissolved
precursors, especially in agueous solutions, is a low-cost and scalable method that is
usually well suited for mass production of semiconductor thin films. Different material
nanostructures are reported in the literature as synthesized using the porous or non-
porous structures and substrates and metal foil etc. The materials include ZnO, NiO,
Cu,0 and Fe,O3 and so on**,

10
PhD thesis The University of York



CHAPTER-1

1.3.2.3 Surfactant and capping agent assisted growth process

Surfactant-assisted growth is considered an effective way to synthesize
nanostructures. In order to obtain an appropriate nanostructure, careful selection of
precursor and surfactant species and other parameters such as pH, concentration and
temperature of the reactants are necessary. In this regard, the surfactant-assisted method
isatria and error based procedure, which requires much endeavour to choose proper
capping agents and reaction environment.

The capping reagents are used to confine the lateral growth of the desired
material. It serves as a soft template which can change the free energies of the various
surfaces and thus alter their growth rates. This method was initially used to synthesize
and control the morphology of the nanoparticles and presently it is extensively used for
the synthesis of nanomaterials. The ZnO, SnO,, NiO, PbCrO,4, CeO,, etc nanostructures

are synthesized by this process*®*’.

1.3.2.4 Sonochemical method

Sonochemical processing has been proven as a useful technique for generating
novel materials with unusual properties. Sonochemistry arises from acoustic cavitation
phenomenon which involves the formation, growth, and collapse of many bubbles in
agueous solution®. Under extreme reaction conditions, for instance extremely high
temperatures more than 5000 K, pressures larger than 500 atm, and very high cooling
rates that is higher than 10'° K/s attained during cavity collapse. The method yields
many unique properties in the irradiated solution and results the formation of
nanostructures via chemical reaction. A variety of nanostructures are already prepared
and reported in the literature by this method.

1.3.2.5 Hydrothermal deposition process

The hydrothermal process is well known technique for the synthesis of a variety
of nanostructures. This term (hydrothermal process) refers to the growth process that
begins with the aqueous mixture of soluble metal salt (metal and/or metal organic) of
the precursor material under high pressure and temperature conditions. Typicaly, the
precursor’s solutions are mixed and placed in an autoclave under elevated temperature
and pressure in order to dissolve and recrystallise materials that are relatively insoluble

11
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at ambient conditions. Nanostructures such as ZnO, CuO, CeOs,, TiO,, 1n,O3, Fes0y,

MnO,, Ga,0; etc, can be obtained with or without use of capping reagents®®°.

1.4 Thechoice of ZnO

As explained in the section (1.1), the material properties and geometry are the
most important parameters influencing the performance and the quality of a field
emission electron source. In this section, a brief review about the materials commonly
used as field emission sources, sheds light as to why the ZnO nanomaterial is chosen to

be a potentia futuristic field emitter source.

141 Metals

The fabrication of metal emitters has been well developed whereby severa
technigues have been employed to create the optimum geometry.

The single crystal tungsten emitter with a tip radius of approximately <100nm
has been fabricated through electrochemica etching of a fine tungsten wire and
operated at ultrahigh vacuum (~10™ mbar) to limit contamination/oxidation and
enhance the stability and extend emitter lifetime®™. Such stringent vacuum was
somewhat a considerable challenge few decades ago which limited the applications of
the tungsten field emission source. Even though, today’s cutting-edge vacuum
technology advancement has facilitated a widespread use of such emitter, at least two
orders of magnitude gap between in what the next aternative is ill vacant.
Molybdenum (Mo) has offered a good opportunity to FE research, because of the high
reproducible cone arrays it was hoped to instead implement it as an aternative.
However, being flashed at high temperature to clean the surface from adsorbed species
resulted in falure. As the molybdenum emitter is heated to sufficiently high

temperatures, surface and geometrical damage occurs and thusiits use is eliminated®.

1.4.2 Carbon nanotubes

Carbon nanotubes (CNTs) were considered by many groups as one of the most
promising field emitters because of their excellent properties such as metallic
conductivity, very high aspect ratio. However, CNTs is very sensitive to the

environment, particularly H,O and O, absorbates which leads to high field emission
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instability. Moreover, high interfacial resistance between CNTs and the substrate may

lead to substantial interface temperature and detach the CNT emitter from the substrate
53,54

or holder

1.4.3 Zinc oxide (ZnO) nanostructures

Although ZnO does not have the ideal material’s properties for field emission
application i.e. work function being =5.3eV and melting point =1975°C, the attractive
properties of the ZnO nanostructures i.e. high mechanical stability and oxidation
resistance, high chemical and thermal stability suggest the ZnO nanostructure as a
potential candidate for the fabrication of efficient field emission sources'®. Moreover,
being n-type semiconductor ZnO’s electronic properties such as the conductivity could
be increased by doping and/or post growth treatment such as annealing. Increasing the
conductivity will lower the work function and enhance the field emission properties of
the ZnO nanostructures. In addition, fabricating ZnO nanostructures with enviable
geometry and tuning its electronic properties is attainable using bottom-up techniques.
Therefore, ZnO nonomaterials are considered a competitive candidate of realizing the

practical application as futuristic field emitter source.

15 Resear ch objectives

As highlighted throughout this chapter, metal oxide nanostructures of several
morphologies such as, but not limited to, rods, tubes, wires, belts, needles, cones,
pyramids, nails, pins can be prepared by different chemical and physica growth
methods. These metal oxides and particularly the ZnO nanostructures could exhibit
excellent field emission properties. Therefore, this section will summarize the main

objectives of this research asfollow:-

* Direct and controlled growth of pure and doped zinc oxide nanostructures for field
electron emission applications.

The first and most important objective of this research work is the direct and
controlled growth of undoped and doped zinc oxide nanostructures by different
synthesis techniques. The growth of undoped and doped zinc oxide nanostructures will

be prepared in terms of their high aspect ratio with uniform morphology (height and
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diameter) well aligned to the substrate in a reliable and reproducible way. To achieve

this objective, several experiments were performed by changing various reaction
parameters such as reactants, reaction time, temperature, different substrate etc.

* Enhancement of field electron emission properties of undoped and doped 1D zinc
oxide nanostructures.

There are many strategies to enhance the field emission properties of amaterial.

- The field emission properties of the emitter could be enhanced by enlarging the
field enhancement factor which is determined by the morphology of the emitter.
2D and 1D ZnO nanostructures were successfully synthesized. The results show
that the surface morphology and the Field enhancement factor ‘B’ have high
impact on the field emission properties of the prepared ZnO nanostructures.

- Designing the ZnO nanostructures with particular geometrical configuration
(e.g. nanoneedle and pencil like morphologies shapes) is also very efficient way
for further enhancing in the field emission performance

- Asthe field emission property strongly depends upon the work function of the
material, hence the field emission performance can be enhanced by lowering the
work function. This objective can be achieved by doping the ZnO
nanostructures.

* Fabrication of 1D zinc oxide nanorods based field emitters
The fabrication of zinc oxide nanorods for their effective use as an electron

source in the electron microscope is the scope of thisthesis.

» Study of field electron emission mechanism based on the morphologies of ZnO
nanomaterials

The field electron emission properties of doped and undoped ZnO
nanostructures with different morphologies will be carried out. The as grown ZnO
emitters will be characterized in term of their |-V characteristics, current stability and

vacuum reguirements in the field emission measurement system.
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1.6 Theorganization of thethesis

A brief introduction and review about the nanostructures and their field
emission properties based on various semiconductor nanomaterials is presented in the
start of the thesis. ZnO is chosen as material model for this thesis. Therefore, the
genera properties of a ZnO and its various synthesis techniques are presented in the
first chapter. Also, why ZnO is chosen instead of metal or carbon nanotubes for field
emission application is also discussed in length in this chapter. At the closing of the first
chapter, the research objectives and organization of thesis have been presented.

The second chapter demonstrates the theory of electron emission in which
various topics such as the band theory of solids, the surface potential barrier, the
electron emission and the work function, modification of the surface potential barrier,
Fowler-Nordheim theory, electron emission sources and basic field emission
characteristics are discussed in length.

Two important synthesis techniques, i.e. hydrothermal process and thermal
evaporation process, to prepare the ZnO nanomaterials are used in this work. Various
characterization techniques, such as X-ray diffraction (XRD), field emission scanning
electron microscopy (FESEM) equipped with energy dispersive spectroscopy (EDS),
field emission transmission electron microscopy (FETEM), room-temperature
photoluminescence (PL) spectroscopy, Raman-scattering spectroscopy were used to
characterize the synthesized ZnO based nanomaterias. Finaly, field emission
measurements of all the prepared ZnO based nanomaterials are examined. These all
experimental and characterization details are discussed in chapter 3.

Successful synthesis of various undoped and doped ZnO nanostructures with
different morphologies and compositions on different substrates such as zinc fail,
silicon, titanium and tungsten substrates via two different synthesis techniques i.e.
hydrothermal process and therma evaporation process were accomplished and
presented in chapters 4 to 8. Finally, plausible growth mechanisms based on the
crystallographic habits of the wurtzite hexagonal ZnO have also been proposed for the
growth of all the ZnO based nanomaterials.

Chapter 4 describes the synthesis, detailed characterizations and field emission
application of ZnO nanosheets interconnects grown on zinc foil by facile hydrothermal

process. Besides, chapter 5 presents the non-catalytic growth and structural, optical and
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field emission properties of hexagonal shaped ZnO nanorods grown on bare titanium
substrate.

As the doping has significant effect on the morphology as well as the electrical
properties and thus the field emission properties of the ZnO nanostructures. Therefore,
chapter 6 demonstrates the growth of gallium (Ga)-doped ZnO nanostructures. Two
kinds of Ga-doped ZnO were prepared, i.e. nanoneedles and multipods and their
detailed characterizations (structural, optical and field emission) are presented in
chapter 6. Chapter 7 describes the In-doped ZnO nanopencils and their details structural,
optical and field emission properties.

To follow the ultimate goal of this thesis, | have explored the application of the
ZnO nanorods as aternative electron source for high brightness electron cathodes and
for their use in harsh environment and presented in chapter 8. A new approach to
fabricate novel field emitter based on ZnO nanostructures is reported.

Finally, the obtained and presented results are concluded and future prospects

of our work are highlighted in chapters 9 and 10.
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THE THEORY OF ELECTRON EMISSION

21  Theband theory of solids

As atoms in solid are brought close together, their energy levels interact with
each other forming bands of energy states. These are separated by forbidden regions that
relate to the gaps between the atomic levels. Once the bands are formed, their energy
states are filled with electrons according to the exclusion principle®®. The highest and
the next higher energy filled band are termed the valence band and the conduction band
respectively and the energy separation between them is termed the energy gap, Ej.
Electrons which are bound to the nucleus (valence electrons), can jump from one atom
to another but cannot move from a valence band to a conduction band without being
excited or energised. Although, these electrons are free in the sense of not being
attached to a particular atom, they are not free to escape from substance to vacuum due

to the lattice’ s attractive force that acts as awhole™.

2.2  Thesurfacepotential barrier

In isolated atom electrons have discrete energy levels with large gaps among
them; an electron of the outmost conduction band is influenced by the nucle’s
electrostatic attraction force that is inversely proportional to the square distance of
electron to nuclel. The inverse square law approximately governs the relation between
the electron’s potential energy with respect to its atom. In figure 2.1 the horizontal

broken line indicates the electron’s potential at infinite distance.

Electron Potential energy

Energy levels

G) Nucleus

Figure 2.1 the potential energy of an electron near an isolated nucleus.
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Considering the case of two neighbouring atoms, the presence of one atom

decreases the potentia energy on the adjacent side of the other as figure 2.2 shows.

Potential energy

A

Potential barrier

Atom1

Figure 2.2 The potential energy of an electron along aline through two adjacent atoms.

This mutual effect of decreasing the potential barrier is even more noticeable
with continuous lattice of atoms and results in a series of potential energy humps
between the atoms as figure 2.3 shows. Nevertheless, the potential encounters an
increase at surface atom (last atom) in very much the same way as in the case of the
isolated atom.

Metal |0 Vacuum .z

)

Figure 2.3 The potential energy of an electron along aline through arow of atoms.
Therefore, there are two main grounds for forming the surface potential barrier in

metals. The first one is the electric double layer which is caused due to the asymmetric
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distribution of electrons around the surface ions. The electron density is equivalent to

the positive charge density in the deep interior of the bulk metal, but the electron
density falls gradually toward the surface whereas the positive charge density remains
constant up to the surface. This charge density alteration yields a double layer which
produces an electrostatic potential to prevent electrons from escaping™.

The second factor is the image force by which an electron at a distance z from the metal
surface creates a positive charge on the metal surface which attracts the electron to it.

The image force also prevents an electron from escaping the surface™”.

2.3 The electron emission and the work function

The theory of electron emission assumes that metals obey the Sommerfeld free-electron
model*® and the electron distribution follows the Fermi-Dirac statistics. Accordingly, at
zero Kelvin temperature the electron distribution function is a step function and the
probability for electron to occupy a quantum state below the Fermi level is equal to the
unity and zero Probability to occupy a quantum state above the Fermi energy. Whereas
at temberature greater than absoulute zero, the thermal distribution of electrons is given
by>®:

1
FET) = (e~ E. /KT)+1 (2.1)

where, E is the energy of the corresponding single-particle, k is Boltzmann’s constant,
8.62x10eV/K, T is the temperature in degrees Kelvin, and Er is the Fermi energy or
Fermi level. Thisis determined as the energy point where the probability of occupancy
by an electron is exactly 50%.

For simplification, the free electrons distribution in the metal can be described as
a 1D potential well with a flat bottom as can be seen in figure 2.4. The surface potential
barrier (U,) is defined as the difference between the vacuum level E, and the bottom
energy level in the potential well E; (conduction band bottom) as follow.

U,=E-K (22)

As can be seen from figure2.4 electrons at the Fermi level cannot escape the
metal surface freely due to the surface potential barrier force. At the Fermi level,

electrons require an amount of energy (®) to overcome the barrier. This energy is
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equivalent to the difference in energy between the vacuum level and the Fermi level and

termed the material’ s work function.
b =U a EF (2.3)

The work function is defined to be the minimum energy required for an electron at the
Fermi level to escape to the surrounding vacuum.

Two general means are utilised to liberate electrons from the surface potential
barrier. The first is via raising the electrons energy by external energy to surpass the
surface potential barrier and escape to vacuum. Such energy transformation is
accomplished by three different ways, these are:

) Thermionic emission: In this process electrons gain excess energy through
the thermal excitation (heat energy) to overcome the barrier. This will be
discussed in detailed in section (2.6.1).

i) Photoelectric emission: Electrons can be gected from metals by the
exposure to electromagnetic radiation such as x-ray or visible light.
Electrons then absorb the photons through what is known as the
photoel ectric effect gaining therefore the sufficient energy to overcome the
potential barrier force™.

iii) Secondary emission: As a metal is bombarded with high energy electrons,
some or al the kinetic energy of these electrons is transferred to the metal’s
free electrons and raise their energy to escape the barrier

The second means is the field emission process which involves lowering the surface
potential barrier “ Schottky effect” and narrowing its width via applying high electric
field.
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Figure 2.4 Schematic of one-dimensional potential well with a flat bottom. U, is the
surface potential barrier, E, the vacuum level, Er Fermi level, E; the conduction band

bottom and @ is the work function.
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24  Maodification of the surface potential barrier

Regarding the second approach of liberating electrons from to the vacuum via
applying intensive electric field, the form of the potential well will be considered in
detail to enhance the understanding of the field emission process. Inside the metal (z <
0) U (2) = constant for simplification, and in the vacuum side, z>0.

Considering the presence of the image force phenomenon at the surface of the
emitting material, which is explained in section (2.2), such force is given by equation
24

42°

The electron energy (E) of an electron transferred from infinity to a distance z from the

f

(24)

surfaceis given by:

e2

E(z) =j°’° fdz=-— (2.5)

Under an intense electric field for a planar emitter, the potential energy U(2) near the

surface for an electron outside a metal surfaceis described as

U(z)=CD+EF—z—22—er (2.6)
Figure 2.5 illustrates the effect of the image potential and external field upon the surface
barrier. As illustrated, the effect of the image force is that the step potential at the
surface is rounded. This is the initiation of Schottky lowering effect® when electric

field isapplied. A simple calculation can give the lowering to be
AD =—/€e’F (2.7)

At the position

“2F 8

The resultant barrier is thinner and lower which leads to the possibility of the tunnelling

phenomenon to occur.
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Figure 2.5 Shows the surface potential barrier () without image potential and external
field, (b) with image potential but without external field, (c) with externa field but
without image potential, and (d) with both image potential and external field.

25  Fowler-Nordheim theory

To determine the effective potential barrier, the zero point is set at vacuum level,
E, =0, that means Er=-@® and the bottom of the conduction band E.=-U,. Based on these
assumptions the effective potential barrier is:

U, for z<0

a

97 F f
- 4Z_e 2, forz>0

The Fowler-Nordheim theory (F-N theory) is a quantitative description of field emission
process for metal's, which requires calculating the FE current density as afunction of the
electric field. F-N theory is based on the following main assumptions:

e The metal is assumed to obey the Sommerfeld free-electron model with the

U(2) = (2.9)

Fermi-Dirac statistics.
e The metal surface istaken to be planar, that is, the 1D problem considered. This

assumption is valid because in most cases the thickness of the potential barrier in
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fields of 10”-10% V/cm is several orders of magnitude less than the emitter
radius. Thus, the external field can be taken to be uniform aong the surface for
the finite surface without considering surface distortion effects.

e The potential U(2) within the metal is considered a constant (U(2)=const=-U,).
Outside the metal the potential barrier is regarded as entirely due to the image
force U,=-€%/4z with the externally applied electric field having no effect on the
electron states inside the metal, which means the effect of the surface charge
distribution can be neglected, leaving only the surface dipole distribution.

e Thecalculation is performed for the temperature T=0K.

Under these assumptions, E;is defined to be the z-component of the electron energy:

Pz p2 Pz
E = E— X _7}/: z +U Z y
: om 2m - 2m (2) (2.10)

where, E is the electron energy and Py, Py and P, are the x, y and z components of the
electron’s momentum and mits mass.

If N(E-)d(E,) is the number of electrons per unit area per second with the z-component
at their energy within di; of E; and D(E,) is the transmission coefficient, the electric

current density, Jg is:.

J, =eTD(EZ)N(EZ)dEZ (2.11)

where, e isthe electron charge and N(Ey) is called the supply function.
The supply function can be calculated to be

ArkT E -E
N(E,) = m: In£1+exp(— ZkT FD where Eg=-@ (2.12)

Using the WK B approximation, the transmission coefficient is

4, /2mEe
D(E,) =exp —%vw) (2.13)

where F isthe applied electric field. The Nordheim function, v (y), is

V(Y) =2 241+ 1 Y2 E(K) - (1 y/1- y*)K(K) (2.14)

E(K) = j J1-k2sin?pde (2.15)
24
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k]

£ du
K(K)= | —=2— 2.16
L/l— k?sin®g (2.18)

2,/1-y?
k? =——— 2.17
1+41-y° (@17
e’F
y= |E | (2.18)
The FE current density at zero temperature is described by F-N formula
&F? a2mov2 (JSF
=T &Xg - v(y) (2.19)
8rht(y)d 3neF )

If the work function @ is represented in eV, F in V/cm and J. in A/cm? equation (2.19)
resultsin:

2 2/3

J =154x10"°

2

t°(y)®

t usually is set equal to unity for simplification because t? varies between 1 and 0.81.

ex;{— 6.83x 10 ¢

F v(y)] (2.20)

Spindl et al proposed a close approximation of t(y) and v(y) as follows>:

t?(y)=1.1, 12
(y) , where, y=3.79x10* F
v(y)=0.95-y )

Equation (2.20) assumes planar emitter in which the loca field equal to the
macroscopic field. The Fowler-Nordheim treatment was devel oped by Sommerfield and
Bethe to include a factor known as the field enhancement factor®. For nanostructural
emitters, the field enhancement factor reflects the degree of the FE enhancement of any
tip over aflat surface. The field enhancement factor value is inversely proportional to

the apex curvature radius of the tips and the local electric field F will be enhanced by:

F =pBE (2.21)
where, f isthe field enhancement factor, and E is the applied electric field.
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The Fowler-Nordheim formula for sharp emitter will be as follow:

J, =154x10"° (zﬁiexp{— 6.83x10’ i/Sv(y)j (2.22)
t(y)® PE

The current density in equation (2.22) is defined as the ratio of current (1) to the
effective emission area (o) for a given surface:

=1 (2.23)

In addition, the electric fielde in paralel plate configuration defind by the ratio of
applied voltage to the anode-sampl e distance as:

E=v/d (2.24)
where, V is the applied voltage in volt and d is the distance between the sample and the
anode.

By substituting equations (2.23) and (2.24) into equation (2.22) will give an expression

of Fowler-Nordheim equation for the current as afunction of applied voltage:

v? —bd
I=a z exp (7) (2.25)

AB? <9.84>
a =« exp T
110 o

3
0.95B02

b="73

A=154%x10"5A.eV.V?2

B=6.83x10" (eV)¥%.V.cm
where, equation (2.25) is the fitting equation and a and b are constants that are used to
fit the field emission (I-V) datain this thesis (chapters 4-8).
The following equation is used in experiment for plotting the field emission data in
what is termed F-N plot, namely In(I/\V%) versus (V).
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Iy a bd (2.26)
in() = n () - 7
The F-N plot yedlids a straight line with slope (-b) and intercept In(a)
3
_p = B2 2.27)
B

2.6 Electron emission sources

Thermionic emission and field emission are the two most common methods that

are being implemented effectively in charged particle technology/industry.

2.6.1 Thermionic emission source

In thermionic emission, electrons from the Fermi level Er acquire sufficient
energy to overcome the surface potential barrier of the cathode (the work function). This
is typically accomplished via passing an electric current through the filament to increase
its temperature. The nuclia vibrates due to the excessive thermal energy and hence
electrons gain sufficient energy initiating the thermionic emission. The dependence of
the emission current density J. on the temperature and the work function is given by the
Richardson-Dushman equation®:

J. = AT?exp(-D /KT,), (2.28)
where:
T: isthe temperature of the cathode tip in Kelvin,
k: is Boltzmann constant (8.6 x10™ eV/K) and
A: isaconstant depending on the cathode material.
Just below the melting point T, the emission current density is sufficiently optimised.
Another formulais given by Nordheim, which considers possibility of electrons

being reflected back into the metal as they reach the emitter surface™.
J. = Al-1)T?exp(-®/KT,), (2.29)
where, r isthe probability factor that counts for electrons that are reflected back.
As a device, a basic thermionic electron gun essentially consists of two
elements. The cathode is the source of electrons, and the anode (which is biased positive

with respect to the cathode), attracts the generated electrons. The anode has a small
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(*)1mm) central aperture to allow the extracted electrons to passes through. In 1909 a

third cylindrical elements locates between the cathode and the anode, was introduced to
the electron gun structure by Wehnelt®. This is known as the Wehnelt cap and has a
smaller central aperture (= 500um) which applies a negative electric field to converge
the electron beam towards the anode’s aperture as well as controlling the emitting area
at the cathode. Thisisillustrated in figure 2.6.

Several materials have been utilized as thermionic electron sources abeit
among all, the tungsten cathode is typicaly the most ancient and widely used. A
conventional thermionic tungsten cathode that is formed as a bent wire has a work
function of ~4.8 eV, operates at ~ 2850K and can produce a stable emission at low
vacuum environment of ~1x10™ mbar. The drawbacks, on the other hand are, short

lifetime of ~50 hrs and moderate current density of ~ 5x10% A/m? coupled with

brightness :1.5x105 Am/cm?.sr due to the high operation temperature and high work
function respectively®.

In comparison, the single crystal lanthanum hexboride (LaBg) operates at a
lower temperature of ~ 1800K with a lower work function of 2.8 eV. This yields a
higher current density combined with 10 times higher brightness of ~ 5x10° Am/cm?.str
and a lifetime of ~ 1000hrs. Nonetheless, LaBg emitter requires more stringent

environment than the tungsten in which necessitates high vacuum of ~ 1x10® mbar® %,

Filament Heating Supply
Filament

L

A\

% Bias Resistor

¢ Power
—e Supply

grid cylinder
(Wehnelt)

" Crossover

Anode Plate
= N

Begm

curjent

Figure 2.6 The configuration of thermionic electron gun.

28
PhD thesis The University of York



CHAPTER-2

2.6.2 Field emission electron source

As explained in section (2.3), the field emission process involves applying high
electric field (on the order of 2-5x10" V/cm) for lowering and thinning the potential
barrier. The thinning process is sufficient enough at the degree where the width of the
barrier is less than or similar to the electrons wavelength. It is hence possible for an
electron with energy near the Fermi level to penetrate (tunnel) through the barrier®.

Field emission electron gun aso has a triode configuration structure based on
the design of Crewe et al.*”. The electron source (cathode) consists of a very sharp
single crystal tungsten tip. The other two anodes locate below the cathode as figure 2.7
shows. The extractor (first anode) is held at positive potential of ~ 3-5 kV (with respect
to the cathode) through which the electric field is applied to the cathode's surface. The
lens (second anode) is responsible for accelerating the electrons towards the target
(column or sample) by applying a positive electrostatic field with respect to the cathode.
The accelerating voltages used in e ectron microscopes for instance can range from 5-30
kV in the SEM and up to 200 kV in the TEM.

| 21
Electron source \
1tanode

| 74
2"danode ..

Electron beam /

Figure 2.7 The configuration of field emission electron gun.
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2.7 Basic field emission char acteristics

Since, the work function, the operating temperature and the melting point are the
prerequisite factors in refereeing the cathode’ s material in thermionic emission, the
material of field emission cathode also needs to meet some requirements. Several
important characteristics and properties can be used as guide to determine the FE
properties of the source material.

1. Theturn on fiedld and the threshold field

As an external field is applied, the turn on field and threshold field are essential
indicators of determining the field emission efficiency of the source material. The turn
on field is the field strength corresponding to the current density equal (10 pA/cm?) and
the threshold of emission, defined as the electric field necessary to achieve a minimum
current density (10 mA/cm?) for the application in industry.

The lower the characteristic value of these two fields, the more prompt the field
emission occurs. This is experimentally demonstrated as the 1-V curve where (1) is the
field emitted current and (V) is the applied voltage which determines the electric field.
The emission current values (1) are recorded as applied voltage is increased. The values
of the turn on voltage and the threshold voltage can be determined by plotting the

emission current (1) versus the applied voltage (V).

2. The stability of the emission current

The stability of the emission is defined as the variation of the emission current
against time. An instable emission current fluctuates more frequently over a span of
time. Such fluctuation is considered to be induced by the timely change of the local
work function and/or the field strength on the atomic scale. These are due to adsorption,
desorption, ion bombardment of ambient molecules and surface migration. The two
major observed current instabilities are the flicker noise type and the step and spike type
current fluctuations. Flicker type is more severe in metals, while in carbon related
materials, the step and spike type is the dominant type that is caused by ion

bombardment®,
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3. Thefield enhancement factor
The field enhancement factor £ is defined as the ratio of the local field Fioca tO

the macroscopic field (the average applied field) F as follow:
Flocal
= o 2.30
5} = (2.30)

The field enhancement factor can be estimated from the slope of F-N plot according to
equation (2.27)

2.8 Conclusion

This chapter describes the theory of electron emission in which various topics
such as the band theory of solids, the surface potential barrier, the electron emission and
the work function, modification of the surface potential barrier, Fowler-Nordheim
theory, electron emission sources and basic field emission characteristics are discussed
in length. Therefore, the field emission data in chapters 4-8 will be discussed and

analyzied within the frame of the Fowler-Nordheim theory.
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EXPERIMENTAL TECHNIQUES

3.1 Introduction

Several techniques and methods were used to fabricate and characterise the zinc
oxide nanomaterials. This chapter is dedicated to equip the readers with the basic
knowledge of the used methods and techniques.

3.2 Synthesis techniques used for thiswork

The hydrothermal growth and the thermal evaporation techniques have been
successfully employed to synthesize doped and undoped zinc oxide nanostructures.

3.21 Thehydrothermal growth technique

Pure ZnO nanostructure is hydrothermally grown in a tightly-sealed autoclave,
shown in figure 3.1. The thick-walled steel is lined with Teflon, which sustains high
temperatures and pressures. In a typical synthesis process, the crystal growth is carried
out in a queues solution of zinc chloride ZnCl,, hexamine (HMTA), ammonium
hydroxide NH,OH and deionised water. A clean substrate is immersed within the
thoroughly mixed former solution in the 100 ml size autoclave. Using an ordinary
laboratory oven, the autoclave was then heated to an operating temperature of 110°C. At
the end of the experiment, the substrate was taken out and washed with acetone, then

dried in air, and kept for further characterisations.

Figure 3.1 Arepresentitive image of the different parts of the autoclave.
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3.2.2 Thethermal evaporation process

In synthesising a variety of nanostructures, the thermal evaporation is less
complex and more versatile than the hydrothermal technique. This is due to its
flexibility and control of growth. There are several modifications of this method
depending on precursors used. Generaly, this method utilizes a high temperature
thermal furnace to vaporize the source material and facilitates the deposition of the
nanostructures. The vapors of the source materials are generated first by physical or
chemical methods, which are delivered into the growth zone by the carrier gas. The
resultant vapors are condensed under certain conditions such as temperature, pressure,

substrate and atmosphere.

Figures 3.2 and 3.3 are a schematic illustration of the instrumental setup of
evaporation process and a photographic image of the real set-up used respectively. The
system is made of a 100 cm long quartz tube arranged horizontally to serve as a reactor
chamber that is combined with a rotary pump. The gas inlet is connected to one side
while the rotary pump is attached to the other side of the quartz tube. Both ends of the
quartz tube are sealed by rubber rings with vacuum grease. The temperature and gas
flow rate are controlled by temperature controller and mass flow controller,
respectively. The exact reaction temperature during synthesis is monitored by a movable

thermocouple.

33
PhD thesis The University of York



Heating Zone

— Quartztube ) -
'I ,” N\ 4 | /\l \ Thermocouple
| | 1 ] ] A I
B = sl s s | o e
p ——FF— 1
T D VA N/ v
AL \7/ 2 ¥4
uap||n|et ~ ) { ) \
= Quartz boat Substrates =

[% m Miass flow controliers

Rotary pump

IR
(NRTERN

Figure 3.2 Schematic for the instrumental setup for the thermal evaporation process
used for the growth of ZnO nanostructures.

The heating zone

Quartztube
Gas
supplying
system
Mass flow y
controllers
Temperature
Controller/
Programmer
Rotary pump

Figure 3.3 Real photograph of the horizontal tube furnace used for the growth of ZnO

nanostructures.
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3.3 Characterization techniques

3.3.1 Structural characterizationstechniques

3.3.1.1 X-Ray diffraction (XRD)

X-ray diffraction is a powerful and common technique for determining the
crystallographic structure of the material. X-ray diffraction techniques are based on the
elastic scattering of X-rays from structures that have long range order. When a
monochromatic X-ray beam is incident on the atoms in a crystalline material they get
scattered and due to the periodicity associated with the arrangement of atoms of a
crystal for certain angles of incidence (), they will interfere constructively or
destructively. The constructive interference occurs from a plane of atoms is called
diffraction. By knowing the wavelength (1) of the X-ray beam and the angles at which
the constructive interference occurs (termed angle 6g), it is possible to understand the
geometrical ordering of the atoms inside the crystal. In 1912, W. L. Bragg recognized a
predictable relationship among several factors. These factors are combined in Bragg's

law®®:

2dsin6 = n\, (3.1)

where the integer n is the order of the diffracted beam, 1 is X-ray wavelength, d is the
distance between adjacent planes of atoms (the d-spacing) and it is of the order of X-ray
wavelength, and 0 is the angle of the incidence of the beam. The intensity of the
diffracted X-rays is measured as a function of the diffraction angle 20 and the
specimen's orientation. Important information about the structural properties of the
material emerge from the XRD pattern depending on the peak positions, intensities,
peak width and peak shape. A sharp peak with high scattering intensity indicates that
the sample has good crystallinity.
Since the wave length of the X-ray source is known and the angle (6) can be determined
from the XRD spectra, the lattice spacing (d) can be calculated using Bragg's law
(equation 3.1). Moreover, the lattice parameters can be also calculated using Miller
Indices (hkl) that describe the orientation of planes with respect to different crystal axis
and the lattice spacing dwq for hep crystal is given by the following equation®
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1 4 (h? + hk + k? [?
- — 3.2
di 3 ( a? ) i c? (32

In the present work, a PANalytical X-ray diffractometer (PANanalytical Xpert Pro) was
used to record the XRD pattern of ZnO nanostructures.

3.3.1.2 Field emission scanning electron microscopy (FESEM)

The field emission scanning electron microscope (FESEM) is a vastly
informative tool to characterize nanomaterials and nanostructures. The technique
utilizes electrons instead of light waves as the illumination source to realize/examine the
micro and nano structure of the sample’s surface.

Owing to its exceptionally short wavelength (disproportional to kinetic energy
of electrons) which is few nanometres, scanning electron microscopy is regarded as
high resolution microscopy.

Conventional light microscopes use glass lenses for magnification to create
images, while electromagnetic lenses in SEM are not part of the image formation
system; they instead focus the electron probe on the sample. Alternatively, the
magnification in SEMs is accomplished and increased by scanning the electron probe
over small and smaller areas, respectively. In SEM, electrons are generated by either
field emission or thermally assisted field emission sources that is formed in avery sharp
tungsten tip with radius of order of tenth and hundreds of nanometres respectively. The
primary electron beam is accelerated toward the anode using high electric field and is
focused by a combination of a condenser and objective lenses and scanned using a pair
of scanning coils in the objective lens. An electronic interaction occurs as electrons hit
the sample material, transferring their energy to other atomic electrons within an
interaction volume known as the teardrop-shaped volume. This interaction between the
electron probe and the sample gives rise to emission of electrons (secondary,
backscattered and Auger electrons) and electromagnetic radiation (X-rays) which can be
detected using various detectors. The secondary electron (SE) and backscattered
electrons (BSE) are used to image the sample and the x-rays and Auger electrons are

normally used for qualitative and quantitative spectroscopy.
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Figure 3.4 Schematic diagram of Field Emission scanning el ectron microscope
(FETEM)™.

3.3.1.3 Energy dispersive X-rays spectr oscopy

Energy dispersive X-ray spectroscopy (EDS or EDX) is a powerful analytical
technique that is commonly attached to SEM or TEM columns. It identifies the
elemental composition or the chemical characterization of materials with a sensitivity of
>0.1% for elements heavier than C from an area as small as several hundred of
nanometres of the sold under investigation™.

The principle of EDS is based on sample bombardment by an electron probe in either an
SEM or TEM columns, in which electrons are expelled from the inner shell leaving
vacancies behind. Successively electrons from outer shells fall into the lower vacant
level by conceding a specific amount of their energy to occupy the vacant gaps in the
inner shell. Finally, the excessive conceded energy is emitted either as a form of X-ray
(equivaent to energy difference between the two electrons’ state), or as electron, if the
energy is transmitted to an electron from either the same shell or a higher energy one;
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referred to as the Auger electron. The X-ray (or Auger electron) energy is characteristic

of the element from which it was emitted.

Energy-dispersive spectrometry is employed to detect the X-ray photons
energies. As an X-ray photon hit the lithium drifted silicon detector, Si (Li), it creates
electron-hole pairs which is amplified by a sensitive preamplifier located close to the
detector, resulting in pulses proportional in height to the X-ray energy. The pulses are
counted and analysed through a multichannel analyser and displayed as a function of

energy.

3.3.1.4 Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) is a powerful instrument for
detailed information about the structure of nanomaterials and its column is somewhat
arranged similarly as a light microscope but using electrons as a source of illumination
instead of light. Since the electrons’ wavelength is dependent on their velocity, emitted
electrons from an electron source are accelerated via a potential difference of 100-200
kV with reduced wavelength of few pico-meters (/= 0.002 nm). This allow them to
easily penetrate through a thin sample and diffracted by the sample’s atomic planes
forming therefore a transmission e ectron diffraction patterns which then can be focused
to be imaged™.

Ultra-high resolution is easily achieved as at higher energies (velocities), the
wavelength is even smaller and in most electron microscopes the wavelength of the
electronsis about 10,000 times smaller than that of visible light.

The basic structure of the TEM consists of an electron gun at the top of the
microscope with an electron emitter, which can be either a thermionic source or afield
emission source. The TEM uses a series of electromagnetic lenses above and under the
sample (first condenser lens, second condenser lens, objective lens, first intermediate
lens, second intermediate lens and projector lens) as figure 3.5 shows. This is to focus
electrons into a very fine probe which travels through the sample under investigation
and generate the beam signals to the detector. Depending on the density of the material,
some electrons will transmit ( penetrate) through the sample and some scatter and as a
result of this interaction the un-scattered electrons hit a fluorescence screen which gives
rise to a“shadow image” of the samplethat isfinally captured by CCD camera.
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TEM is a complementary tool to conventional crystallographic methods such as

x-ray diffraction. A crystaline material interacts with the electron beam mostly by
diffraction rather than absorption. If the planes of atoms in crystal are aligned at certain
angles to the electron beam, the beam is transmitted strongly while at other angles the
beam is diffracted. For TEM study presented in this thesis, a JEOL 2011F with LaBg

therionic was used.
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Figure 3.5 Schematic diagram of transmission electron microscope (TEM).
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3.3.2 Optical characterization techniques

3.3.2.1 Room-temper atur e photoluminescence spectr oscopy

The optical properties of ZnO nanostructures, reported in this work were
investigated by photoluminescence (PL) spectroscopy. Photoluminescence (PL) is
defined as the spontaneous emission of light from a material under optical excitation.
An inherited limitation of PL analysisis its reliance on radiative events. Materials with
poor radiative efficiency, such as low-quality indirect band gap semiconductors, are
difficult to study viaordinary PL.

As light of sufficient energy is incident on a material, photons are absorbed and
electronic excitations are created. Eventualy, these excitations relax and the electrons
return to the ground state. If radiative relaxation occurs, the emitted light is called PL.
Room temperature PL spectra of ZnO typically consist of an ultraviolet (UV) emission
and possibly one or more visible bands due to defects and /or impurities in the sample
being studied. The UV emission generally originate from the direct recombination of
free excitons through an exciton-exciton collision process and this is called near band
edge emission (NBE) while the appearance of the visible emission also known as deep
level emission is due to the impurities and structural defects (oxygen vacancies and zinc
interstitials ) in the case of ZnO crystals. Green emission is the most commonly
observed defect emission in the ZnO nanostructures. Regarding the origination of green
emission, several different hypotheses are proposed®. But the commonly cited
mechanism regarding the green emission suggests that intrinsic defects, especialy
oxygen vacancies, play a key role for this emission and also emission generated by the
recombination of electrons in singly occupied oxygen vacancies with photo-excited
holes in the valance band.

The photoluminescence (PL) measurements of ZnO nanostructures presented in
this report were measured using a He-Cd laser line of 325 nm as excitation source with
the excitation power of 30 mW at room temperature.
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3.3.2.2 Raman-scattering spectr oscopy

Unlike most other chemical analysis techniques, Raman spectroscopy exhibits
high specificity requires no special sample preparation, and short experimental
timescale. Raman spectroscopy is based on the Raman effect, which is the inelastic
scattering of photons by molecules™. The difference in energy between the incident
photon and the Raman scattered photon is equal to the energy of vibration of the
scattering molecule. The Raman Effect occurs due to change in vibrational, rotational or
electronic energy when light impinges upon a molecule and interacts with the electron
cloud of the bonds (electric dipole) of that molecule, in other words the Raman bands
arise from a change in the polarizability. The vibrational energy is ultimately dissipated
as heat. Because of the low intensity of Raman scattering, the heat dissipation does not
cause a measurable temperature rise in a material. Since vibrational information is very
specific to chemical bonds, Raman spectra are considered fingerprints by which
molecules can be identified. A Raman spectrum is a plot of the intensity of Raman
scattered radiation as a function of its frequency difference from the incident radiation
(usually in units of wave numbers, cm™). This differenceis called the Raman shift™>",

A typical Raman spectrometer consists of four basic components: firstly, the
excitation source (laser source). In order to achieve a coherent beam of monochromatic
light, a laser source, which must exhibit decent wavelength stability and low
background emission, is utilised to generate the Raman spectra. The second component
is a collection probe device, which collects the scattered photons, filters out the
Rayleigh scatter and any background signal from the fibre optic cables to be sent
through interference filter or spectrophotometer. Finally, the intensity of the Raman
signals at each wavelength is captured by a detector.

The Raman measurements presented in this work were measured at room-
temperature with Ar* laser line of 514.5 nm as the excitation source.
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3.4 Field emission measur ements system

3.4.1 Vacuum system layout

Since the field emitters are vacuum nano/microelectronics devices, it is essential
to be operated under vacuum conditions. A system that can obtain high vacuum is
necessary in order to prevent the arc between the anode and the cathode that might
cause damage to the nanoemitters.

In order to investigate the field emission properties of the ZnO nanostructures, a
system consists of a stainless steel vacuum chamber with two pumps (turbo and rotary
pumps) and baking unit has been used. The rotary is used to pump the system down to
bring the pressure up to 10™ mbar and then the turbo pump is used to get high vacuum
in the order of 1x10°® mbar. An ion gauge and pirani gauge are used to measure the
pressure in the stainless steel vacuum chamber and the backing line respectively. The
vacuum chamber is normally baked out at 180°C over 24 hrs to improve the vacuum
and, i.e. To achieve ultra high vacuum (UHV) conditions, the chamber then is alowed
some time to cool down up to room temperature naturaly.

The field emission pattern is observed and imaged using a digital camera
through a glass window fixed on the front side of the vacuum chamber.

The field emission measurements were performed using a manually controlled
high voltage power supply unit for creating a high electric field between the anode and
the cathode and a picoammeter to measure the current emission. The emission current
stability measurements were recorded with respect to the time for different times under
different fixed anode voltages. A national instruments card connected parallel with a 10
MQ resistor was used to interface to a PC. The data acquisition was carried out using
“Labview” software supplied by YPS Ltd.

3.4.2 Design of the sample holder and the field emission experimental setup

The field emission property of ZnO nanostructures is measured using a triode
configuration in order to achieve a relatively low control voltage. The sample holder
consists of severa components as shown in figure 3.7. A flat stainless steel plate is
placed in the centre of a U shaped peek and hold together through two screws from
sides. The sample is mounted on the stainless steel plate using silver paste and kept at
negative potential. A grid is placed on the U shaped peek base and kept at ground
potential to be used as extractor. An Yttrium Aluminium Garnet (YAG) is used as
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viewing screen and kept at positive potential. The YAG screen is separated from the

extractor using peek sheet spacer with athickness of about 1mm

Figure 3.6 A photograph of the Renta-Port system used for the field emission

experiments.
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Figure 3.7 Schematic of the triode configuration stage for field emission.
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3.5 Conclusion

A brief description of the experimental apparatus and basic concepts of the
synthesis techniques were introduced. Particularly, factors that influence the
performance of the growth were described in this chapter, which are vital for Chapters
4-8. Since the scope of this study also revolves around improving the field emission
performance of the ZnO nanostructures, it was equally important to briefly describe

the characterization techniques to help interpreting the experimental results.
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CHAPTER4
ZnO NANOSHEETSINTERCONNECTS: GROWTH,
CHARACTERIZATIONSAND FIELD EMISSION PROPERTIES

4.1 Introduction

Due to its physical and chemical properties that can be utilized in severa
applications, the I1-VI group semiconductor zinc oxide (ZnO) with the wurtzite
hexagonal structure is regarded as one of the most multifunctional materials amongst
various metal oxides. For instance, it’s exotic property of wurtzite (B4) crystal structure
which is the most stable and thus most common under ambient conditions. Moreover,
its large-exciton binding energy of 60 meV exceeds that of other predominant
semiconductor materials such as ZnSe and GaN.

In addition, the wide band gap as well as high-exciton energy of ZnO allows it
to be utilized in room temperature ultraviolet laser diodes™"’. Also, the ZnO exhibits
various attractive properties; unique piezoelectric and pyroelectric properties, high
mechanical strength, chemical and thermal stability, biocompatibility, low-cost, easy
fabrication, non-toxic to name but afew.

Nonetheless, the preference of ZnO in a wide variety of high-technological
applications is attributable to its aforementioned characteristics. To name some of these
applications; light emitting diodes, photo-detectors, piezoelectric transducers and
actuators, piezoelectric generators, hydrogen storage, chemical and biosensors, surface
acoustic wave guides, solar cells, photo catalysts, field emission devices and so
forth™®®,

Various techniques have been implemented to synthesize 1D, 2D and 3D ZnO
nanostructure, such as hydrothermal process, solution process, thermal evaporation
process, sol-gel process, PLD process, electrochemical deposition process, MOCVD
process and so on”>®. The dimensional forms of these structures is defined in the
introduction chapter section (1.1) in which examples of nanowires, nanotubes,
nanorods, are deemed 1D, whereas, nanosheets are 2D. However, among several
morphologies of ZnO, the 2D sheet-like nanostructures exhibited distinct physical
properties compared to the 1D nanomaterials. Normally, the nanosheets possess higher

surface area (if the thickness is in nanometers) compared to nanowires and hence
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demonstrating better performance for some of the promising applicatons such as

catalysis, chemical, bio and gas sensors, Li-ion batteries, solar cells, and so on™. As a
result, the sheet-like nanostructure is regarded to be a promising potential candidate for
severa applications such as sensing, energy storage, solar cells, field emission, catalysis
and photo-catalysis and so on. Several reported studies discussed the growth and the
properties of crystalline ZnO nanosheets, some of which a micrometer-sized nanosheets
were grown by reduction of ZnS powders™.

Whereas Umar et al. fruitfully utilized the thermal evaporation technique with
ZnCl, and O, to grow well-crystalline ZnO nanosheets and nanodisks™. Recently and
for the fabrication of dye-sensitized solar cells, Heniti et al. demonstrated the growth of
nanocrystalline ZnO nanoflakes by solution process with the as-synthesized nanoflakes
being the anode of dye-sensitized solar cells*. Lao et al. reported grown ZnO nano-
walls also by thermal evaporation onto Au-coated sapphire substrate®™. Although, the
above methods are commonly dedicated to growth, their results, on the other hand vary
in terms of simplicity, purity well-crystalline repeatability, high throughput and cost
effectiveness.

This chapter is divided into two parts, where firstly reports a simple and cost-
effective growth of nanocrystalline thin ZnO nanosheets interconnects on zinc foil via
hydrotherma process. In addition, the growth mechanism of ZnO nanosheets
interconnects is discussed and analysed in section 4.3 this involved using zinc chloride,
hexamethylenetetramine (HMTA) and ammonium hydroxide at |ow-temperature.

On the second part, the morphological, structural, optical and field emission
properties of the as-synthesized nanostructures were characterized and then the
annealing effect on the morphologies of as-synthesized ZnO nanosheet interconnects
was also investigated.

4.2  Experimental work
4.2.1 Synthesisof nanocrystalline thin ZnO nanosheets inter connects on zinc foil

Nanocrystalline thin ZnO nanosheet interconnects on zinc foil were synthesized
at low-temperature by simple and facile hydrothermal process. For the synthesis of
nanosheet interconnects, zinc chloride (ZnCl,.2H,0; >98%), hexamethylenetetramine
(HMTA; CgH12N4: ; 299%) and ammonium hydroxide (NH,OH; 28.0-30.0% NH3 basis)

were provided by Sigma-Aldrich and used as received without any further purifications.
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In atypical reaction process, particular concentrations of zinc chloride (0.1 M),
HMTA (0.1 M) and ammonium hydroxide (0.01 M) were thoroughly mixed in 100 mL
de-ionized (DI) water under continuous stirring for 10 minutes. The resultant solution
was transferred to a Teflon-lined stainless steel autoclave. The ZnO nanostructures were
deposited on Zinc foils substrate of 1 x 1 cm? as the foil had been ultrasonically cleaned
in DI water, ethyl alcohol and acetone, then dried with nitrogen gas and finaly
immersed into the resultant solution. The autoclave was tightly sealed and heated up to
110°C for 12 hrs, to allow the reaction to be terminated and then the autoclave was
naturally cooled down to room-temperature. The substrates were removed from the
aqueous solution which were gently rinsed with DI water and dried overnight at 35°C.
White colored products deposited over the substrates were observed which were
characterized in detail in terms of their morphological, structural and optical properties.
A concise summary of the growth parameters of ZnO nanosheet interconnects are
presented in table 4.1.

Nanomateia Type ZnO nanosheet Interconnects

Growth Technique Hydrothermal growth process

Reactants Zinc Chloride, hexamethylenetetramine (HMTA) and ammonium
hydroxide

Substrate Zinc foil substrate

Reaction Temperature 110°C

Reaction Time 12 hrs

Table 4.1 Summary of the growth parameters of ZnO nanosheet interconnects.
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4.2.2 Characterization of nanocrystallinethin ZnO nanosheet interconnects on zinc

foil

Detailed morphological, structural as well as optical characterizations of the

grown ZnO nanostructures on zinc foil were carried out.
The morphologies were imaged by the field emission scanning electron microscopy
(FESEM) and transmission electron microscope (TEM). The crystallinity and crystal
orientations of the grown ZnO nanostructures were examined by X-ray diffraction
(XRD) pattern measured with Cu-Ka radiations (1=1.54056 A) and 20 at arange of 10°
to 60° with scanning rate of 2°/sec.

Room-temperature photoluminescence (PL) spectroscopy, measured with He-Cd
laser line (325nm) as the exciton sources, was carried out to investigate the optical
properties of synthesized nanostructures. Raman-scattering spectroscopy technigque with
Ar" laser line (513.4 nm) was implemented to study the scattering properties at room-
temperature. Finally, the field emission properties of the as grown nanosheets were
investigated.

4.3 Results and discussion

4.3.1 Morphological, structural and compositional properties of grown ZnO

nanosheets inter connects

Being uniform and densely grown on the entire substrate surface, the ZnO
structures appear to be formed in sheet-like morphologies. This was revealed by the
low-magnification FESEM images as figures 4.1 (a) and (b) show.

The nanosheets are randomly distributed in partially aligned manner and
interconnected with each other, forming a network like structures. For this reason, from
now on it will bereferred at, as ‘the nanosheet interconnects .

A physical penetration between some of the adjacent nanosheets was also
observed. This formed a specific shaped triangular trench. The average size of the
grown nanosheets is ~3—4 um, however some smaller were also observed as (figures 4.1
(c) and (d) show. The nanosheets thickness is =~ 60-70 nm hence exhibiting higher

surface areafor the grown structures (inset figure 4.1 (d)).
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The flower-shaped structures composed of thin ZnO nanosheets which are

grown at the edge vicinity of the substrate are shown in figure 4.2. These striking-
looking blended mixtures of nanostructures appear to be densely grown and arranged
themselves around the vicinity of the substrate’s edge forming flower-shaped
morphologies.

It is predicted that the nanosheets are mingled and agglomerated due to the long
range el ectrostatic interactions among the polar charges of the {0001} planes of ZnO%.
The typical dimensions of each nanosheet petals of flower-shaped structure are = 2-4
um while the thickness is =50-70 nm. However, the full array of flower-shaped
structures is in the range of 3-4 um.

To examine the crystallinity and crystal phases of as-grown thin ZnO nanosheet
interconnects, X-ray diffraction technique was used and the result is demonstrated in
figure 4.3 (a). The observed XRD pattern exhibits well-crystalline nature and mixed
phases of ZnO and Zn. Various well-defined XRD reflections related with ZnO (1010),
(0002), (1011), (1012) and (1120) were observed in the pattern which are similar to
bulk ZnO and correspond to wurtzite hexagonal phase of ZnO and show good
agreement with the standard JCPDS data card No 36-1451. In addition to presence of
ZnO, few reflections related with Zn (100), (101), (102) were also observed in the
obtained pattern data. The Zn reflections were justified due to the presence of zinc foil
substrates. Interestingly, it was seen that two diffraction reflections, i.e. (0002) and
(1011) are dominant reflections compared to any other observed ZnO reflections in the
XRD pattern which reveaed that the prepared nanosheets are grown in two crystal
planes. The lattice parameters of ZnO nanosheets were also calculated from the XRD
peaks (0002) and 1011) using the formula for a hexagona crystal structure (see
equation 3.2) and were found to be a=0.324 nm and c=0.52 nm. Moreover, the
crystallite size for the dominant peak of the XRD pattern representing the (1011) plane
in figure 4.3(@) was calculated using the well known scherrer’s formula given by

equation 4.1** and found to be 33.3 nm.

092
~ B(rad)cos6

where D isthe crystallite size, 1 the wavelength of X-rays used, 13 the full width of

(4.1)

diffraction peak at its half maximum intensity (FWHM) in radians and 6 the angle of
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diffraction. More essentially, the origination of sharp and strong XRD reflections,

confirms that the grown nanosheet interconnects are well-crystalline.

To further identify the composition of as-grown ZnO nanosheet interconnects,
point EDS analysis was carried out and the result is demonstrated in figure 4.3 (b). Only
zinc and oxygen peaks were observed in the obtained EDS spectrum which clearly
reflects that the synthesized materials are made of zinc and oxygen. In line with the
detection limit of EDS technique, no other peaks that can be related to impurities than
the Zn and O peak were observed. This further confirms that the synthesized nanosheet
interconnects are made of zinc and oxygen.

The detailed structural characterizations of as-synthesized ZnO nanosheet
interconnects were examined by TEM. To prepare the specimen for the TEM
measurements, the asgrown ZnO nanosheet interconnects on zinc foil was
ultrasonically treated in acetone for 5 min, and then it was detached from the zinc
substrate and mixed with the acetone. A drop of acetone which contains the ZnO
nanosheets was dried on a TEM grid to be examined. Figure 4.4 (a) shows the low-
magnification TEM image of the fragment of ZnO nanosheet dispersed from the

substrate. The obtained nanosheet morphology is random due to the ultrasonic fracture.
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Figure 4.1 Typica (a and b) low-magnification, and (c and d) high-resolution FESEM

images of the as-grown thin ZnO nanosheet interconnects on zinc foil grown at 110°C.
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Figure 4.2 Low (@) and high (b) magnification FESEM images of flower-shaped
structures composed of thin ZnO nanosheets, obtained from the edge portion of the zinc
foil substrate grown at 110°C.
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Figure 4.3 Typica (d) XRD pattern and (b) EDS spectrum of thin ZnO nanosheet

interconnects grown on zinc foil at 110°C.

53

PhD thesis The University of York



CHAPTER-4

The grown nanosheets are well-crystalline as confirmed by HRTEM

observation. Figures 4.4 (a) and (b) show the typical HRTEM image of circled portion
of ZnO nanosheet. The HRTEM image (b) shows well-defined lattice fringes with an

interplanar distance of 0.28 nm, which is in agreement with the interspacing of the
{1010} planes. These observations confirmed the 2D sheet-like morphology formed
with {0001} exposed surfaces™.

To examine the effect of annealing on the morphologies of the as-synthesized
ZnO nanosheet interconnects, the as-prepared samples were annealed at 200°C. Figures
4.5 (a) and (b) are low-magnification images of the annealed sample, in which the
nanosheets are grown in very high density and randomly arranged manner covering
most of the substrate surface. This observation is consistent with the observed FESEM
images of the as-grown ZnO nanosheet interconnects and confirms that the
morphological structure remains intact as well as hardly encounters only a minor
structural alteration. In addition to some nanosheets being fractured, it is realized that by
annealing, two or more adjacent nanosheets encountered a surface engagement with
each other by retaining the parent morphologies as figure 4.5 (¢) shows. The typical
dimensions of the annealed nanosheets are in the range of 2—3 um, with the thickness

of~ 60 nm as figures 4.5 (c) and (d) show.
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Figure 4.4 Typical (a) Low-magnification and (b) high-resolution TEM images of as-

grown thin ZnO nanosheet interconnects grown on zinc foil at 110°C.
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Figure 4.5 Typica (a and b) low-magnification, and (c and d) high-resolution FESEM
images of the 200 °C annealed thin ZnO nanosheet interconnects grown on zinc foil at
110°C.
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4.3.2 Room-temperature photoluminescence (PL) properties of grown ZnO
nanosheets inter connects

The optical properties of the as-grown thin ZnO nanosheet interconnects were
investigated by using room-temperature photoluminescence spectroscopy and the result
is shown in figure 4.6. Generally, two peaks have appeared in the room-temperature PL
spectrum of ZnO nanostructures; i.e. in the UV region and visible region. The UV-
region peak is known as near band edge emission (NBE) and originated due to the
recombination of the free-excitons through an exciton-exciton collision process. The
origination of the visible-region peak, which is known as either the green emission peak
or the deep level emission (DLE), is somehow controversial. However, the most agreed
upon cited explanation for its origin in the spectrum is due to radial recombination of
the photo-generated hole with the electrons which belongs to oxygen vacancies™. In the
case of ZnO nanosheet interconnects, the PL spectrum exhibits a strong and sharp UV
emission at 381 nm and a suppressed and broad green emission at 525nm. These were
reported as being indicative of good crystal quality, less structural defects (such as less
oxygen vacancies and zinc interstitials) and low impurities in the synthesized
nanostructures® #%®_ |n addition to this, the calculated NBE/DPE intensity ratio is
~5.36. Therefore, it can be concluded that the synthesized ZnO nanostructures possess
good crystal quality and exhibits very less structural defects.
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Figure 4.6 Typical room-temperature photoluminescence (PL) spectrum of thin ZnO
nanosheet interconnects grown on zinc foil at 110°C. A strong UV emission with a
suppressed green emission confirmed the well-crystallinity of the prepared ZnO
nanosheets interconnects.

4.3.3 Room-temperature Raman-scattering properties of as-grown thin ZnO
nanosheets inter connects

To investigate the vibrational properties of as-synthesized ZnO nanosheet
interconnects, Raman-scattering measurements were carried out at room temperature.
Figure 4.7 shows the typical room-temperature Raman-scattering spectrum of as-grown
ZnO nanosheet interconnects on zinc foil in which few well-defined bands were
observed. The presence of a strong and dominated band at 437 cm™ is attributed to the
Raman-active non-polar optical phonon E, (high) mode, a significant band for the
wurtzite hexagonal phase of pure ZnO®.

In addition to the optical phonon E; (high) mode, two small bands appeared
at 332 cm™ and 378 cm™ that are assigned as Ezy-Eo. (multi-phonon process) and A;T
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modes, respectively®. Furthermore, a broad band at 535 cm™ is also observed in the

spectrum which could be identified as E;. mode. Such mode is believed to appear in the
spectrum due to the presence of structural defects and impurities of the grown
nanostructures. In summary, the presence of the sharp and strong E, (high) mode as
well as the suppressed and broad E;. mode in the Raman-scattering spectrum confirms
that the grown nanosheets are of good crystal quality and less structural defects and

impurities. Thisisalso in agreement with the PL results.
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Figure 4.7 Typical room-temperature Raman-scattering spectrum of thin ZnO nanosheet
interconnects grown on zinc foil at 110°C showing a strong E, peak and a suppressed
E.. which areindicative of agood quality crystal.
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434 Plausible growth mechanism for as-grown thin ZnO nanosheets
inter connects

The growth of as-grown thin ZnO nanosheet interconnects can be understood by
the chemical reactions involved and the crystal growth habits of ZnO. Figure 4.8 shows
the schematic mechanism for the formation of ZnO nanosheet interconnects on zinc foil.
For the growth of ZnO nanosheets, a zinc foil was used as substrate (fig. 4.8(a)).
Initialy, the cleaned zinc foil was dipped in a well-mixed 100 mL solution of zinc
chloride, HMTA and ammonium hydroxide.
During the reaction, the ZnCl, was initially dissociated to Zn®* and Cl while
ammonium hydroxide (NH4OH) was dissociated into NH," and OH . These components
reacted with each other yielding Zn(OH), and NH4Cl according to the following
chemical reaction:

ZnCl,. 2H,0 (aq) + NH4OH (aq) —— Zn (OH) 2 (s) + NH4CI (aq) (4.2

The HMTA was mainly used for two purposes, firstly to acts as a source for OH and
secondly as an additive. At appropriate reaction temperature the HMTA dissociates

according to the following chemical reaction:
(CH2)gN4 + 6H,O0 — 6HCHO + 4NH3 (4.3)
NH3+H,0 ——> NH; +OH (4.4)

These reactions breed the Zn?* and OH ions as simplified in (fig.4.8(b)). Once the
concentration of the Zn** and OH ions exceeds a critical value, the precipitation of

Zn(OH), nuclei starts (fig. 4.8(c)) according to chemical reaction:
Zn**+20H —— Zn(OH), (4.5)

The Zn(OH), can be transformed into the ZnO seed nuclei according to the simple
following reaction (fig. 4.8(d)):

n g — > noO+H>» .
Zn(OH); —225 » 7nO+H,0 (4.6)
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These formed ZnO seed nuclei are the building blocks for the formation of final ZnO

products and hence the continuous formation of ZnO nuclei leading finally to the
formation of ZnO nanosheets via facile hydrothermal process (fig. 4.8(g)). With
prolonged reaction time, the branched of as-grown nanosheets on zinc foil started to
mingle with each other and finally nanosheet networks were obtained.

In addition to the chemical reactions involved, the growth of nanosheet can aso
be well-understood by the crystal habits of ZnO. With the wurtzite hexagonal phase, the
crystals of ZnO possess polar surfaces in which the zinc and oxygen atoms are
tetrahedrally coordinated along the hexagonal axis. The ZnO crystals has Zn-terminated
(0001) and O-terminated surfaces in which the Zn-terminated (0001) surfaces are

catalytically active, while the O-terminated (0001) surfaces are chemically inert’ %, |t

is reported that the morphologies of the ZnO nanostructures are greatly affected by
growth velocities of the ZnO crystals in different directions. According to the crystal

habits of ZnO, the growth velocities of ZnO crystals are [0001] > [011 1] > [0110] >

[0111] > [0001] under hydrothermal conditions'™. Therefore, the fastest growth in the
ZnO crystals are along the [0001] direction (c-axis direction) which leads to the growth

of 1D nanostructure. For the growth of ZnO nanosheets, it is assumed that under our
experimental conditions, the growth was along two directions, i.e. {0001} and {1011}

planes, hence two directional growth resulted the formation of sheet-like structures.
This phenomenon is also confirmed by the observed XRD pattern in which the
dominated diffraction reflections are (0002) and (1011). Thereofore, with increasing the
reaction time, the growth of ZnO nanosheets increases effectively and eventually the
nanosheets were mingled with each other, due to the long range electrostatic
interactions among the polar charges of the {0001} planes of ZnO, in such as special
way that they made the networks of grown nanosheets™.
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Figure 4.8 Plausible schematic for the growth mechanism for the synthesis of ZnO

nanosheet interconnects grown on zinc foil at 110°C.
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4.35 Field emission studies

4.3.5.1 Current —voltage characteristic of ZnO nanosheets

The field emission measurements of ZnO nanosheet interconnects were
performed under high vacuum environment of ~ 3x10® mbar. The I-V characteristics
were carried out from ZnO nanosheets grown on 25 mm? zinc foil substrate; however,
the cathode surface area is not necessarily the effective emission area. Therefore, the
emission current, not the current density, is shown and this due to ambiguity in the
effective emission area. The experimental data of current-voltage curve of ZnO
nanosheets were fitted using the Fowler-Nordheim equation (chapter 2, equation (2.25))
and shows the classic Fowler-Nordheim behaviour (see figure 4.9(a)). The turn-on
voltage was set as the applied voltage that corresponds to an emission current of ~ 0.1
HA. A turn-on voltage equal to 4600 volt which corresponds to an emission current of =
0.12 pA was observed. The emission current reaches a maximum value of = 2.08 pA
under an applied voltage of 5500 volt. In this thesis, the applied voltage which
corresponds to the maximum current emission is considered the threshold voltage (5500
volt; in this case). Any further voltage increase results in no extra emission gain,
instead, voltage break-down occurred causing the power supply to trip off. Animage of
the field emission pattern at the break down voltage event (5800 volt) is shown in figure
4.11.

The relatively high turn-on voltage and low current emission of ZnO nanosheets
emitters was attributed to the geometrical aspects as they are not designed to offer large
field enhancement.

The corresponding F-N plot is shown in figure 4.9(b), in which the
experimental datais represented by the plotted black dots and the straight line is the best
linear fitting to the experimental data. The work function of ZnO nanosheets was
assumed to be 5.3 eV, The calculated field enhancement factor S was estimated to be
896.15. The obtained F-N plot is not an ideal straight line; however, there can be several
causes of such linearity deviation. The first possible reason is that, the ZnO nanosheets
emitters inherently suffer from relatively large and non-uniform emission areas that can
vary some of the main F-N plots dependents such as the work function (@) and the
enhancement factor (8)'%. The variations in the local work function value which is

inherently uncontrollable over large emission areas will affect the slopesin the F-N plot
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and consequently produce nonlinearity. The other possible reason that may cause this

deviation is the presence of the adsorbates which cause instability in the emission

current and thus deviation from linearity in F-N plot'®,
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Figure 4.9 (@) The field emission electron |-V characteristic of ZnO nanosheets
interconnects. (b) The corresponding F-N plot.
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4.3.5.2 Current emission stability of ZnO nanosheets

The field emission stability of ZnO nanosheets interconnects was tested at
base vacuum of 3x10°® mbar.

Figure 4.10 shows, the behavior of the field emission current over a span
time of 2 hrs at fixed extraction voltage of 4.6 kV. Initially and over the first 15 min, an
emission current of an average of =130 nA with high fluctuation (116.9%) was

recorded. In this thesis, the fluctuation is estimated as;

I e
fluctuation = (M) x 100 (4.7)

Iav

The emission current severely surged to the maximum recoded value of > 230nA,
combined with a dramatic fluctuation (> 50%) with an average of = 120nA over the
next 25 minutes.

Similar current fluctuation was reported by Pradhan et al*™ (i.e. the increase
and fluctuation in the emission at the initial stage of operation) and attributed to
sample’s surface cleaning which most likely could be the reason in our case as well?.
After the self-cleaning process, the emission current sharply dropped to its lowest
recorded value of 45 nA (less than 50% of itsinitial value). The sharp edges of the ZnO
nanosheets are mainly responsible for the field emission, and they are more susceptible
to the damage caused by ions bombardment which led to a sharp degradation in the
emission current.

Apart from few spikes the emission current stability highly improved with a
fluctuation of (44.44%) at an average current of 45 nA over a span of 40 min as figure
4.10 shows. The most likely reason of the constant periodic increase and decrease that
was clearly recorded over the last 60 minutes is the adsorption and desorption of some

species which alter the material’ s work function along as the time elapse.
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Figure 4.10 Emission current stability graph of ZnO nanosheets interconnects as a

function of time.
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4.3.5.3 Field emission pattern of ZnO nanosheet at different voltages

The images of emission pattern of ZnO nanosheets were captured by a digital
camera during the first test of the sample. First image represent the emission pattern at
an applied voltage of 4.4 kV. Increase in the emission sites and the luminescence with
increasing the applied voltages as can be seen from figures 4.11 (4.4 kV, 5 kV, 5.5 kV
and 5.8 kV).

Figure 4.11 Field emission patterns of ZnO nanosheets interconnects grown on Zn foil
as afunction of the applied voltage. The last image at an applied voltage of 5.8 kV
shows the breakdown flash.
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4.4 Conclusion

The nanocrystalline thin ZnO nanosheets interconnects were grown on zinc foil
by facile hydrothermal process at low-temperature. The detailed structural properties of
as-prepared nanosheet interconnects revealed that the synthesized products were well-
crystalline and possessing wurtzite hexagonal phase. The optical property was examined
by room-temperature PL, of as-grown ZnO nanosheet interconnects and confirmed to be
sound. The annealing impact of up 200°C on the morphological integrity of the
nanosheets was minute. A plausible mechanism based on the crystallographic habits of
ZnO has aso been discussed. The field emission properties of the as synthesized nano-
crystalline thin ZnO nanosheets were investigated. The limited success of ZnO
nanosheets based field emission devices opens a way to prepare and utilize one
dimensional (1D) ZnO and sharp edges compared to 2D nanomaterials. For this
purpose, in the next work, aligned ZnO nanorods were grown on Ti substrate with the

aim that these nanomaterials will exhibit excellent field emission properties.
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CHAPTERS
NON-CATALYTIC GROWTH OF HEXAGONAL SHAPED ZnO
NANORODSON TITANIUM SUBSTRATE: STRUCTURAL,
OPTICAL AND FIELD EMISSION PROPERTIES

51 Introduction

Recently, the researches on 1D semiconductor nanomaterials have received a
great attention due to their unique morphologies and wide applications in various high-
technological areas including photovoltaics, electronics, sensors and actuators, and so
on”. The 1D nanomaterials of ZnO such as nanorods, nanowires, nanofibers,
nanoneedles, etc are very attractive due to their tunable electronic and optoelectronic
properties and various high-technological applications, for instance, nanoscale
electronic and optoel ectronic devices, sensors and actuators, solar cells, nanogenerators,
laser operating at room-temperature and so on'®. ZnO nanorods/nanowires were
synthesized by various techniques such as solution process, hydrothermal process,
chemical vapor deposition process, metal—organic chemical vapor deposition process,
electro-deposition process and so on and reported in the literature’®™*, Recently, the
use of various substrates for the growth of 1D ZnO nanomaterials has received a great
attention as particular substrates are needed for specific applications. The substrates
used for the growth of ZnO nanorods/nanowires are various orientations of silicon
chips™>™", stainless steel grid™®, indium tin oxide substrates™®, nylon fibers'®,
aumina?, anodized aluminum oxide'??, CaF,'%, steel alloy substrates'®, and so on.

In this section, attempts have been made to grow well-crystalline ZnO nanorods
on Ti substrate. Titanium is a paramagnetic and refractory metal with relatively high
melting point (more than 1,650°C). Moreover, the prepared aligned ZnO nanorods on Ti
substrate were examined in detail in terms of their morphological, structural, optical and
field emission properties. To the best of the author knowledge, this is the first report in
which vertically aligned and well-crystalline hexagonal ZnO nanorods were grown on
Ti substrate by facile thermal evaporation of metallic zinc powder in the presence of

oxygen at moderate temperature.
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5.2 Experimental details

For the growth of aligned ZnO nanorods, commercially available Ti substrates
were used. Prior to the growth, the substrates were ultrasonically cleaned with DI water,
alcohol and acetone, sequentially. The growth of nanorods on Ti substrate was done by
facile thermal evaporation process by using highly pure metallic zinc powder (99.98%)
in the presence of oxygen (99.99%). The thermal evaporation system consists of 70 cm
long quart tube furnace with the halogen lamp heating system with heating rate of
20°C/s. For the growth of ZnO nanorods, a 2 cm long ceramic boat filled with high-
purity metallic zinc powder was placed at the middle of the furnace and severa pieces
of 1xlcm? Ti substrates were placed adjacent to the source boat. After loading the
source materials and substrates, the chamber pressure was evacuated down to 2 mbar
using a rotary vacuum pump and the same pressure was maintained during the whole
reaction. The reaction temperature was 750°C. During the reaction, high purity nitrogen
(20 sccm) and oxygen (100 sccm) gases were flown inside the quart tube furnace. The
reaction was completed in 1.5 hr. After completing the reaction, the furnace was
naturally cooled to room-temperature and white colored deposited products were seen
on the Ti substrate. A concise summary of the growth parameters of hexagonal-shaped
ZnO nanorods are presented in table 5.1. The deposited products were analyzed in terms
of their morphological, compositional, structural, optical and field emission properties.

The morphologies and compositions of the deposited materials were
investigated using the field emission electron microscopy (FESEM) and energy
dispersive X-ray (EDX) spectroscopy, respectively. The detailed structura
characterization was done using transmission electron microscope (TEM) and selected
area electron diffraction (SAED) pattern. The crystallinity and crystal phases of the
deposited nanorods were examined by the X-ray diffraction (XRD) pattern measured
with Cu-Ko radiation. Room temperature Raman scattering and photoluminescence
(PL) spectroscopy with the Ar* (513.4 nm) and He-Cd (325 nm) laser lines as the
exciton sources were used to know the optical properties of as-prepared ZnO nanorods.
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Nanomateial Type Hexagonal shaped ZnO nanorods

Growth Technique Thermal evaporation process using horizontal quartz tube furnace
Reactants High-purity metallic zinc powder, oxygen and nitrogen gases
Substrate Titanium foil substrate

Reaction Temperature | 750°C

Reaction Time 15hr

Table 5.1 Summary of the growth parameters of hexagonal shaped ZnO nanorods.

5.3 Results and discussion

5.3.1 Morphological and structural properties

The general morphologies of as-deposited ZnO products on Ti was examined by
field emission scanning electron microscopy (FESEM) and results are shown in figures
5.1(ac). From the observed FESEM analyses, it is confirmed that the deposited
products are nanorods which are grown in high density in vertically aligned manner on
the whole substrate surface (figure 5.1(a)). By clear observations, it is seen that the
nanorods possess perfectly hexagona shape throughout their lengths and hence
confirms the epitaxial growth and single crystalline nature of as-grown ZnO nanorods
(figure 5.1(b)). The typical lengths (observed from titled images of nanorods; not shown
here) and diameters of as-grown nanorods are in the range of 1.0 £ 0.25 um and 50 + 10
nm, respectively (figure 5.1(c)). Interestingly, due to high density growth of the
nanorods, it was also observed that two or more nanorods are joined to each other
through one of their surfaces and the increased the diameters of the nanorods as can be
seen clearly in figure 5.1(c). The elementa composition of the as-prepared ZnO
nanorods was examined by energy dispersive x-ray spectroscopy (EDS) which is shown
in figure 5.1(d). As can be seen from the EDS spectrum, only zinc and oxygen peaks are
observed which confirmed that the prepared nanorods are made of Zinc and oxygen. No
other peak related with any impurity was observed from the EDS spectrum which
further shows the purity of the as-prepared nanorods and confirms that the synthesized

nanorods are pure ZnO.

71
PhD thesis The University of York



Figure 5.1 Typica (a) low-magnification and (b) and (c) high-magnification FESEM
images, and (d) EDS spectrum of as-grown ZnO nanorods on Ti substrate.
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For further and detailled structural characterizations, the as-prepared ZnO

nanorods grown on Ti substrate were examined by transmission electron microscopy
(TEM). Figure 5.2(a) exhibits the typical low-magnification TEM image of the as-
grown ZnO nanorods which exhibits the full consistency with the FESEM observations
in terms of their morphological and dimensional aspects. The nanorods exhibit clean
and smooth surfaces and uniform diameter throughout their lengths. The inset of figure
5.2(a) shows the corresponding SAED pattern of the nanorod shown in figure 5.2(a).
The observed SAED pattern shows very well defined, ordered diffraction pattern which
confirmed that the grown nanorods are well-crystalline and preferentially grown along
the c-axis direction. Figure 5.2(b) exhibits the typical TEM image of the nanorods
shown in figure 5.2 (a). The TEM image shows the well-defined lattice fringes with the
inter-planar distance of 0.52 nm, equal to the lattice constant of crystalline ZnO. This
fact clearly confirms that the prepared nanorods are well-crystalline ZnO.

To examine the crystallinity and crystal phases, the as-prepared ZnO nanorods
were examined by X-ray diffraction (XRD) pattern. Figure 5.3(a) exhibits the typical
XRD pattern of as-prepared ZnO nanorods. All the observed diffraction reflections in
the XRD pattern are well matched with the wurtzite hexagonal phase of pure well-
crystalline ZnO and hence confirm that the prepared nanorods are well-crystalline and
possessing wurtzite hexagonal phase of ZnO. Some small diffraction reflections at
38.4°, 40.3°and 53.1° are aso seen in the observed XRD pattern of ZnO nanorods
which are related with the Ti substrate as was confirmed by measuring the XRD pattern
of pure Ti substrate (figure 5.3(b)).

The average crystallite size and lattice parameters of the ZnO nanorods were
calculated from different XRD peaks (100) and (002) and summarised in table 5.2. The
estimated lattice constants of the ZnO nanorods are fully agreed with the TEM

observation.

Crystallite size (D) (nm) L attice constants (nm)
a=0.3233

38 c=0.521

Table 5.2 crystallite size and lattice constant of the ZnO nanorods grown on Ti
substrate.
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Figure 5.2 Typical (a) low-magnification and (b) high-magnification TEM images of as-
grown ZnO nanorods on Ti substrate. Inset (a) exhibits the corresponding SAED
pattern.
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Figure 5.3 Typical (a) XRD pattern of as-grown ZnO nanorods on Ti substrate and (b)
XRD for pure Ti substrate.
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5.3.2 Optical properties

To examine the optical properties, the as-grown ZnO nanorods on Ti substrate
were examined by photoluminescence (PL) spectroscopy measured using He-Cd (325
nm) laser line as the exciton source at room temperature. Figure 5.4 exhibits the typical
room-temperature PL spectrum of as-grown ZnO nanorods. Generally, two bands are
appearing in the room-temperature PL spectrum of ZnO nanostructures; a band in the
UV region, aso called as near band edge emission (NBE), originated due to the free-
exciton recombination’®, and in the visible region, also called as green emission or
deep level emission (DLE). The theory behind the origination of green emission or DPE
Is controversial but the most accepted theory reveals that the green emission appearing
in the spectrum mainly due to the impurities and structural defects in the crystal such as
oxygen vacancies, zinc interstitials, etc'®. The calculated NBE/DLE intensity ratio is ~
3.77 and hence, it is concluded that the appearance of strong UV emission as compared
to DPE in the PL spectrum reveds the well-crystallinity of the grown ZnO
nanostructures. Interestingly, the room-temperature PL spectrum of the as-grown ZnO
nanorods exhibits a strong UV emission at 385 nm and a suppressed and broad DPE at
627 nm. As, the PL spectrum of as-grown nanorods exhibited a sharp and strong UV
emission and suppressed visible emission which confirmed that the obtained nanorods

possess good crystal quality and optical properties.
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Figure 5.4 Typical room-temperature PL spectrum of the as-grown ZnO nanorods on Ti
substrate.
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The Raman-scattering property of the as-grown ZnO nanorods was also

examined as Raman-scattering is excellent tool to determine the crystalinity of the
grown nanomaterials. Figure 5.5 exhibits the typical Raman-scattering properties of the
as-prepared ZnO nanorods. With the wurtzite hexagonal phase, the I1-VI semiconductor
ZnO belongs to the C%, with two formula unit primitive cells where al the atoms
occupy the Csy sites. ZnO possess eight sets of optical modes in which A;, E;, and E;
modes are Raman active. As can be seen from the observed Raman-scattering spectrum,
only two well-defined bands are seen, i.e. at 332 cm™ and 438 cm™. The weak and
suppressed band appearing at 332 cm is attributed to Ex — Ex. (multi phonon) mode
and it appears only when the ZnO nanomaterial is single crystaline'®. Another
dominated and strongest band in the spectrum appears at 438 cm™* which is assigned as
Raman-active E; mode and reported as a characteristic band for the hexagonal wurtzite
phase of ZnO'®. It isimportant to note that the absence of Ey. band as copmeared to the
ZnO nanosheets in chapter 4 (section 4.33) is an indicator of less structural defects
and/or lower impurities of the grown ZnO nanorods.

Furthermore, due to the presence of high intensity and strongest Raman active
E> mode in the observed Raman-scattering, it could be concluded that the prepared ZnO

nanorods are well-crystalline and possessing wurtzite hexagonal phase.
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Figure 5.5 Typical Raman-scattering spectrum of as-grown ZnO nanorods on Ti
substrate.

5.3.3 Plausible growth mechanism

Based on the observed FESEM and TEM images, a plausible growth
mechanism for the formation of ZnO nanorods is proposed. Normally, two kinds of
growth mechanisms are reported in the literature regarding the growth of nanomaterials,
i.e. vapor-solid (VS) mechanism'® and vapor-liquid-solid (VLS) mechanisms'*. The
important characteristic of VLS mechanism is the appearance of metal particles on the
tips of nanomaterials. However, in case of the growth of ZnO nanorods on Ti substrate
no metal particles were seen on the tips of nanorods which suggest that the growth of
nanorods follows the VS mechanism and not VLS mechanism. Figure 5.6 shows the
schematic of the growth of hexagona ZnO nanorods grown on Ti substrate. The growth
of nanorods follows two steps, i.e. nucleation and growth. During the nucleation step,
once the furnace was heated above the melting point of zinc powder (melting point of

Zn = 419.5°C), the zinc vapors were generated and transferred to the substrate surface
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as depicted in figure 5.6(a). Once the furnace temperature reached ~750°C, the oxygen

gas was introduced into the reaction chamber which interacted with the originated zinc
vapors and formed ZnO vapors which were condensed on the substrate and formed ZnO
nuclei. As the basic characteristic of ZnO is the formation of hexagonal crystals hence
during condensation hexagonal nuclei were formed on the substrate. This could be
called as nucleation process (figure 5.6(b)). With continuous supply of zinc and oxygen
in the presence of nitrogen gas, the formed nuclei started to grow and small nanorods
are formed (figure 5.6(c)) and at particular reaction time, perfectly hexagonal shaped
ZnO nanorods are formed on the Ti substrate. The formed ZnO nanorods exhibited top

and bottom +(0001) planes and surrounded by six crystallographic {0110} planes (figure
5.6(d)).
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Figure 5.6 Schematic growth mechanism for the formation of the as-grown ZnO
nanorods on Ti substrate.
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5.3.4 Field emission studies

5.3.4.1 Current —voltage characteristic of ZnO nanorods

Further, the field emission properties of ZnO nanorods were aso investigated under
pressure of 5x10% mbar. The cathode's surface area is 1 cm? however, as was
mentioned in chapter 4 thisis not necessarily the effective emission area as it is usually
smaller compared to the actual cathode's area in case of flat substrate. For the FE
measurements, two runs were carried out.

Figure 5.7(a) (black dots) exhibits the typical |-V curve (measured current as a function
of applied voltage) of the ZnO nanorods. It is seen that in the initial scan, referred to as
first scan, the emission current increased exponentially with increasing the applied
voltage showing the classical Fowler-Nordheim behaviour as described in equation
(2.25). The initial turn on voltage is 2.55 kV with the observed emission current of ~100
nA. An emission current of 13 HA was recorded at an applied voltage of 4.56 kV. The
corresponding F-N plot of the first scan is shown in figure 5.7(b). In the first scan, the
emission current was quite unstable. Moreover, the I-V curve of the first scan usually
appears to be noisy and this is attributed to the surface contamination such as carbon
and H,O'. Therefore, repeated scans are necessary to achieve stable and reproducible
emission current.

A much stable and less noisy |-V curve was obtained in case of the second FE
measurement which can be attributed to the remova of the surface’'s contaminants
during first FE scan. However, dlightly higher voltage was required for the same
emission current. The interpolated value of the turn on voltage for an emission current
~100 nA is ~2.65 kV. Fitting the data using F-N plots showed linear behavior indicating
that the field emission process is dominant. The (I-V) curve and F-N plot are shown in
figures 5.7(a) and (b) respectively and referred to it as second scan (the red dots). The
estimated field enhancement factor f=3185 assuming the work function of ZnO
nanorods is 5.3 ev*.
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Figure 5.7 (a) Current-voltage (I-V) characteristic of the as-grown ZnO nanorods on Ti
substrate (first scan black symbols) and (second scan red symbols). (b) The
corresponding F-N plots.
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The influence of the pressure on the field emission properties of the ZnO

nanorods was also checked. Figure 5.8(a) shows the |-V characteristic of ZnO nanorods
at different air pressure i.e. (5x10° and 5x10° mbar). It has been found that, with the
increase of pressure, the turn on voltage shifted to higher values from 2.55 kV at 5x10°®
mbar to ~3kV at 5x10”7 mbar, and further to 3.5 kV at 5x10° mbar. Further the field
emission current decreases as pressure increases. At the same applied voltage of 4.65
kV, the emission current at 5x107 mbar drops to ~75 % (9.36 pA) of the emission
current at pressure of 5x10® mbar (12.5 pA) and to only ~38% when vacuum decreases
to 5x10° mbar. The corresponding F-N plots of two different pressures (i.e. 10 and 10
® mbar) are presented in figure 5.8(b). The linear fitting of the data measured at 10~
mbar indicates the little influence of the pressure in this range on the field emission
properties of ZnO nanorods. However, the F-N plot at higher pressure i.e. 10° mbar
exhibits strong deviation from linearity indicating the strong effect of the pressure on
the field emission propertiesin this range.

The above analysis shows the pressure dependence of the field emission
properties of ZnO nanorods. The influence of the pressure on the field emission process
may be attributed to the effect of adsorbates on the surface of the ZnO nanorods**%’.
Different gas species such as H,, O,, N, and H,O normally exist in vacuum chamber
which alter the electrical properties of semiconductors and hence their field emission
properties. With the increase of the pressure, the concentration of these gas species
increases in the vacuum chamber. The oxygen and nitrogen gases are known with their
negative impact on field emission performance of ZnO due to filling of the oxygen
vacancies which is dominating the surface electronic properties and thus decreasing the
carrier concentration of ZnO nanomaterials'?’. Moreover, based on first principle study
that has been done by Dardona and his co-worker, the calculated work function of ZnO
increased in the presence of these adsorbates which means higher applied voltage is
required to extract the same amount of the emission current*?’. This could explain the
increase in the turn on voltages at higher pressures. Similar undesirable effect of O, on
the field emission properties (i.e. the emission current suppression) of carbon nanotubes
was al so reported'?®1%°.

Based on the F-N fitting a deviation from the linearity is more noticeable in the data that
is collected at a pressure of 5x10° mbar and this to some extent could be related to the
electron collision with air moleculesin the gap between the two electrodes'’.
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Figure 5.8 (a) Current-voltage (I-V) characteristic of as-grown ZnO nanorods on Ti

substrate at different air pressures. (b) The corresponding F-N plots.
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5.3.4.2 Thefield emission stability of ZnO nanorods

The field emission stability of ZnO nanorods was tested at base vacuum of
3x10® mbar. Initialy, repeated scan runs were required to clean the sample’s surface
and removing the adsorbates until a smooth and reproducible field emission curve was
obtained. After that, the field emission stability measurement was carried out at fixed
extraction voltage of 2.7 kV.

Figure 5.9 shows, the emission current profile of the ZnO nanorods as a function of the
time over a period of 7 hours. Stable current emission of an average of 100 nA with a
fluctuation of 28.6% was recorded and persisted for about 7 hours without any tendency
of gradual decrease in the emission under the applied voltage of 2.7 kV. The present
stability in the emission current is attributabl e to the fact of ZnO being an oxide material
which is inherently more stable under harsh environments. Moreover, the emission
current stability strongly depends on severa elements that are related to the emitters
properties and geometry such as the crystallinity, uniformity (i.e. shape and size) and
alignment™®>*3, Evidently, these ZnO nanorods are well crystalline and posses the same
shape length and diameter as well as aligned assembly as illustrated in previous section
(3.1). An improvement in the emission current stability (28.6%) and longer life time (7
hours) of the ZnO nanorods was achieved this time in comparison with previously
recorded emission current stability and life time (i.e. 44.44% and 2.2 hours) of ZnO
nanosheets (section 4.3.5.2). Therefore, this result indicates that ZnO nanorods are

promising materials for fabrication of efficient field emission devices.
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Figure 5.9 The emission current stability profile of ZnO nanorods under a constant

applied voltage of 2.7 kV.

5.3.4.3 Field emission patterns from ZnO nanorods

The converted electron to light emission patterns from ZnO nanorodson a YAG
scintillator were captured by a digital camera at different applied voltages and are
shown in figure5.10. Several emission spots appeared on the YAG screen at 1.4 kV with
a current of about 22 nA. These spots were getting intense and more emission sites
were encouraged with increasing the applied voltages until the breakdown occurred at

an applied voltage of 5 kV.
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Figure 5.10 Field emission patterns of ZnO nanorods grown on titani um substrate. The
patterns show the emission current as a function of increasing voltage: (a) 2.1kV, (b) 2.4
kV (c) 2.7 kV (d) 3 kV (e) 3.3kV (f) 3.9 kV and (g) shows the breakdown flash at
4.65kV.

85
PhD thesis The University of York



CHAPTER-5

54 Conclusion

In summary, perfectly hexagonal-shaped ZnO nanorods were grown on Ti
substrate by simple and facile thermal evaporation process using metallic zinc powder
in the presence of oxygen. The detailed morphological and compositional properties of
the as-grown products revealed that the prepared nanomaterials are “ZnO nanorods’
which are aligned to the substrate surface. The structural studies revealed that the
prepared nanorods are well-crystalline and possessing wurtzite hexagonal phase. A
strong UV emission was observed in the room-temperature PL spectrum of as-prepared
nanorods compared to the deep level emission which confirmed that the grown
nanorods possess good optical properties. Finally, the field emission performance of the
vertically aligned ZnO nanorods on Ti substrate was investigated under various pressure

regimes (5x10°, 5x10°® and 5x10® mbar) and presented in this chapter.

86
PhD thesis The University of York



CHAPTERG
GALLIUM-DOPED ZnO NANOSTRUCTURES: GROWTH,
OPTICAL AND FIELD EMISSION PROPERTIES

6.1 I ntroduction

Due to these excellent properties, ZnO is widely used for a variety of electronic
and optoelectronic applications such as optical devices and switches, field emission
displays, UV-lasers, light emitting diodes, photo-detectors, surface acoustic wave
guides, solar cells and so on. Due to its piezoelectric nature, ZnO is used for the
fabrication of piezoelectric transducers and actuators, piezoelectric generators, etc. The
environmental benign, bio-safe and bio-compatible nature of ZnO makes it a
particularly promising material for applications in chemical sensors and biosensors,
catalysts, medicines, sun creams and cosmetics™****. It is because of such excellent
properties and wide applications that a variety of ZnO nanomaterials such as
nanowires/nanorods, nanotubes, nanobelts, nanoneedles, nanorings, nanosprings,
nanoflowers, nanowalls, nanoballs, nanosheets, nanodisks, were synthesized by using
various synthetic techniques that have been reported in the litertuare™>*%!. To tailor the
physical and chemical properties of ZnO nanomaterias, the morphologies, chemical
composition and sizes need to be tuned. It is reported that doping ZnO nanomaterials
with various elements such as Gallium (Ga), Indium (In), Phosphorous (P), Tin (Sn),
Antimony (Sb), Bismuth (Bi), can affect various physical and chemical properties of
ZnO and hence greatly enhance its electrical, optical and magnetic properties'.
Therefore, by choosing the appropriate dopant, the properties of ZnO nanomaterials can
be tailored for their utilization in specific applications”™. Several dopant elements such
as auminium (Al), Germanium (Ge), Sulphur (S), Tin (Sn), Antimony (Sh), Gallium
(Ga) and Indium (In) were doped with ZnO nanomaterials by our group however, due to
optimized morphologies for efficient field emission device applications, only Ga- and
In-doped ZnO nanomaterials are presented in this thesis.

Amongst the various dopant elements, the doping of ZnO with Ga has various
advantages due to the similar atomic radii of Ga and Zn by which the gallium is highly
soluble in ZnO. It is also observed that doping of group I11-A elements such as Al and
Gainto ZnO may lead to the reduction in its electrical resistivity (as low as 10* Q cm)
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which makes Ga-doped ZnO a promising candidate for a transparent conducting

material’. Moreover, it is also reported that Ga doping of ZnO leads to areduction in the
ZnO work function which is advantageous for field emission applications'®.

In this chapter, afacile and simple synthesis method and detailed morphological,
structural and optical characterizations of Ga-doped ZnO nanoneedles and multipods
will be reported. The Ga-doped ZnO nanostructures were grown on a silicon substrate
by thermal evaporation process. Moreover, the effect of gallium ion concentrations (0.5
and 2%) on the morphologies, structural and optical properties of the grown
nanostructures were also studied and presented.

6.2  Experimental details

6.2.1 Synthesisof Ga-doped ZnO nanostructureson a Si(100) substrate

Ga-doped ZnO nanostructures were grown on a Si (100) substrate by facile and smple
thermal evaporation process by using metallic zinc (99.98%) and Ga powders (99.99%)
in the presence of oxygen. Several ratios of Ga powder concentrations (0.5, 1.0, 1.5 and
2.0%) were examined in order to determine the proper composition of the source
materials for obtaining ZnO nanomaterials with best desirable characteristics which
could be used for future field emission device applications. Interestingly, it was found
that vertical and high-aspect ratio Ga doped ZnO nanoneedles were obtained in the case
of 0.5% concentration of gallium which could be excellent candidates for the fabrication
of efficient field emission devices. Moreover, thorny branched structures were obtained
when using 2% of gallium whilst other concentrations gave random morphologies. In
this regard, the detailed structural and optical characterizations of the best structures, i.e
aligned nanoneedles and thorny branched structures were investigated and reported
here.

In a typical reaction process, commercialy available high purity (99.99%)
metallic Zn was thoroughly mixed with Ga powder and put into a ceramic boat and
placed at the centre of the quartz tube furnace. Small (1cm x 1cm) pieces of Si(100)
wafers were used as substrates which were washed and cleaned in DI water, ethanol and
acetone, sequentially, prior to material deposition in the furnace. For the deposition,
severa pieces of Si(100) were placed adjacent to the source boat which was placed at

the middle of the furnace. After loading the source materials and substrates, the
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chamber pressure was evacuated down to 1.33 mbar using a rotary vacuum pump and
this pressure was maintained during the whole reaction process. For the reaction, the
furnace was heated up to 950°C under the continuous flow of highly-pure nitrogen
(purity= 99.999%; 30 sccm) and oxygen (purity= 99.999%; 70 sccm) gases. The
reaction lasted about 1 h and after the growth the furnace was allowed to be naturally
cooled to room-temperature. Whitish-grey coloured products were observed onto the
surfaces of the substrate placed 2 cm away from the source boat. A concise summary of
the growth parameters of Ga-doped ZnO nanoneedles and thorny branched structures
are presented in table 6.1 and 6.2, respectively. The as-deposited Ga-doped ZnO
nanomaterials were characterized in detaill in terms of their structural and optical

properties.

Nanomateial Type | Ga-doped ZnO nanoneedles

Growth Technique | Thermal evaporation process using horizontal quartz tube furnace

Reactants High-purity metallic zinc and 0.5% Ga powders, oxygen and nitrogen
gases

Substrate Silicon substrate

Reaction 950°C

Temperature

Reaction Time 1.0hr

Table 6.1 Summary of the growth parameters of Ga-doped ZnO nanoneedles with Ga
concentration of 0.5%.

Nanomateial Type Ga-doped ZnO thorny branched (multipods) nanostructures

Growth Techniqgue | Thermal evaporation process using horizontal quartz tube furnace

Reactants High-purity metallic zinc and 2.0% Ga powders, oxygen and nitrogen
gases

Substrate Silicon substrate

Reaction 950°C

Temperature

Reaction Time 1.0hr

Table 6.2 Summary of the growth parameters of Ga-doped ZnO thorny branched

(multipods) nanostructures with Ga concentration of 2%.
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6.2.2 Characterization of Ga-doped ZnO nanostructureson Si (100) substrate

The detailed morphological properties of as-prepared Ga-doped ZnO
nanostructures were examined by field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM) both equipped with energy
dispersive X-ray spectroscopy (EDS). The crystalinity and crystal phases of the
prepared nanostructures were characterized by X-ray diffraction (XRD; PANanalytical
Xpert Pro) with Cu-Ko; Radiation (1=1.54056 A) operating at 35 kV and 15 mA with a
scanning rate of 0.02°/s and 26 at a range of 10° to 60°. The optical properties of the
deposited nanostructures were evaluated by room-temperature photoluminescence (PL)
measurements excited by the He-Cd laser line (325 nm).

6.3 Results and discussion

6.3.1 Morphological, compositional and structural properties of Ga-doped ZnO
nanostructures grown on Si(100) substrate

Figures 6.1 (a-b) exhibit the general morphologies of the as-prepared Ga-doped
ZnO material with a gallium concentration of 0.5% (atomic). It is clear from the
observed FESEM images that the deposited materia possesses needle shaped
morphologies and is grown over the entire silicon substrate in high density. The
nanoneedles are significantly vertically aligned to the substrate surface and the
diameters of the nanoneedles were dwindling with the extension of its length which
results in the origination of needle-shaped morphologies. The typical diameters of the
grown structures at their roots and tips are in the range of 120 £ 30 nm and 20 £ 5 nm,
respectively. The typical lengths of the grown nanoneedles are in the range of 4-5um.
Careful inspection of the inset of figure 6.1(b) shows that the nanoneedles are made by
the accumulation and stacking of several hexagonal disks. The diameters of these
nanodisks get smaller moving vertically leading to fine nanoneedl e shaped morphology.
Recently, Yan et al. have reported that, in the growth process of ZnO nanomaterials, the
mean free path controlled by the reagent vapour pressure is considered as the crucial
factor which is determining the formation of the layer-by-layer structure and needle or
tower-shaped morphologies™®*>!. In the present experiment the reaction was performed

at high temperature (950°C), which results in a higher reactant (zinc) vapour pressure,
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and this consequently leads to a smaller mean free path. In addition, during the reaction

and the high vapor pressure of Zn, the consumption and instability of the Zn source
increased which leads to a reduction in the periods of metastable states. Therefore, the
growth time for each layer was reduced which led to the formation of thin hexagonal
nanodisks during the reactions. Further, it is also believed that the resulting smaller
diameter of the nanodisks may be due to a reduced supply of the source material with
time during the synthesis process. Moreover, as the Zn vapors have smaller mean free
path which obstruct long-space migration, consequently at each step of the growth, the
grown nanomaterial suffered with the fewer amount of source material, and hence the
lateral growth of the hexagonal nanodisks was deterred and the axial growth was

promoted#**%

. As aresult of high axia growth rate, the diameter of nanomaterial
decreased as growth proceeds, hence finally nanoneedle shaped morphologies are
formed.

Figure 6.1(c) exhibits a typical EDS composition of the pointed structures of
the as-grown Ga-doped ZnO nanoneedles shown in figure 6.1(a). The EDS spectrum
reveals the appearance of several well defined peaks for zinc, oxygen and Ga which
clearly confirms that the synthesized products are made of these materials. The presence
of asmall peak of Si is due to backscattering from the substrate. The obtained spectrum
shows that Ga was doped into the lattices of ZnO with (0.46 £ 0.01)% atomic, which is

in very good agreement with the starting values of 0.5%.
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Element Weight%  Atomic%

OK 33.73 67.29
SiK 0.60 0.68
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Figure 6.1 Typical (a) low-magnification, (b and inset) high-resolution FESEM images
and (c) the corresponding EDS spectrum of the as-grown Ga-doped ZnO nanoneedles
with Ga concentration of 0.5%.
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With increasing the concentration of Ga up to 2% (atomic), the morphology of

the synthesized materials was changed. Figures 6.2(a-b) show the general morphologies
of the as-grown Ga-doped ZnO material with the gallium concentration of 2%. Figure
6.2(a) exhibits a low-magnification image which reveals that the deposited materials
possess thorny branched morphologies in which hexagonal needles are radically grown.
It was interesting to note that there was secondary growth on the tips of the needles as
was confirmed by high-magnification FESEM (figure 6.2(b)). The results obtained
show that the basic structure of the needles is almost the same as was observed in the
case of the 0.5% Ga-doped nanoneedles shown in figures 6.1(a) and (b). However,
increasing the Ga concentration leads to secondary growth of small nanoneedles grown
on the outer surface of the tip of the needle shaped structures. It is predicted that the
secondary growth might be due to the fact that the ionic radius of Ga (~0.62 A) is
smaller than the ionic radius of the Zn (~0.74 A) so when a large number of Gaionsis
incorporated into the lattice of the ZnO they cause strain and hence distortion of the
primary growth ¥ This distortion helps in the formation of multipod structures as
the distorted sites of the crystal act as the active sites for the secondary growth.

The typical diameter of the grown structures at their roots and tips are in the
range of 500 £ 100 nm and 100 + 20 nm, respectively. The typical lengths are in the
range of 8-10 um. Moreover, the diameters of the nanoneedles grown on the tips of the
needles at their top and bases are in the range of 50 £ 20 nm and 120 + 30 nm,
respectively. The length of the secondary grown nanoneedles are about 1~1.5 um.

Figure 6.2(c) shows atypical EDS spectrum of the as-synthesized multipod Ga-
doped ZnO structures shown in figure 6.2(b). The observed spectrum exhibits severa
well-defined peaks related to zinc, oxygen and gallium which clearly reflects that the
synthesized products are made of these materials and hence confirms that the prepared
multipods are Ga-doped ZnO. In addition, the atomic percentage concentration for the
Ga into the lattices of ZnO was estimated by EDS to be (1.67+0.02)% in very good

agreement with the starting value of 2%.
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0K 27.22 50.67
InK 76.18 34.69
Gak 34 1.46

Totals 100.00
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Figure 6.2 Typica (a) low-magnification, (b) high magnification FESEM images and
(c) the corresponding EDS spectrum of the as-grown Ga-doped ZnO multipodswith Ga
concentration of 2%. The high magnification image (b) shows the presence of two
groups; the small tips that result from the secondary growth (will be referred to as

groupl) and the big base needles (will be referred to as group?2).
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Figure 6.3(a) exhibits the low magnification TEM images of the Ga-doped ZnO

nanoneedles with Ga concentration of 0.5%. The observed TEM image is fully
consistent with the obtained FESEM images in terms of morphological and dimensional
view points. The nanoneedles possess wider bases and thinner tips. From the observed
TEM image of single nanoneedle the tip diameter is about 15 nm. It is clear from the
high-magnification TEM image that the nanoneedles are formed with the accumulation
and stacking of several hundreds of hexagona nanodisks. The nanodisks are stacked in
such a manner that they clearly made nanoneedles shaped morphologies (figures 6.3(b)
and inset).

A further investigation of chemical composition of the as-grown Ga-doped ZnO
nanoneedles has been carried out by using TEM-EDS. Figure 6.3(c) shows a typical
spot analysis TEM-EDS spectrum of the as-grown single Ga-doped ZnO nanoneedles
shown in figure 6.3(b). The observed spectrum exhibited several well-defined peaks
related to zinc, oxygen and gallium which confirm that the as-deposited nanoneedles are
made of these materials. It is believed that the origin of the copper peaks in the
spectrum is from the TEM copper grid. To confirm the presence of these materials in
the grown structures, several TEM-EDS spectra were recorded from different areas of
various nanoneedles and similar results were obtained which further confirm that the

gallium atoms were efficiently included (i.e. doped) into the lattice of the ZnO.
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Figure 6.3 Typical (@) low-magnification, and (b and inset) high-resolution TEM images
and (c) TEM-EDS of the as-grown Ga-doped ZnO nanoneedles with Ga concentration
of 0.5%.
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Figure 6.4 exhibits the (a) low-magnification and (b) high-magnification TEM

images of the as-grown Ga-doped ZnO multipods with the nominal Ga concentration of
2%. The observed low-magnification TEM image confirmed that the synthesized
product is multipod in which the small nanoneedles appear to originate from the tip of
the big base needle (figure 6.4(a)). The observed TEM image is consistent with the
examined FESEM results shown in figures 6.2(ac) in terms of morphology and
dimensionality. Figure 6.4(b) reveals the high magnification TEM image of the
corresponding nanoneedles shown in fig 6.4(a). The calculated lattice spacing between
two adjacent lattice fringes was found to be 0.52 nm which is in good agreement with
the lattice constant of ZnO and indicates that the deposited materials have wurtzite

structure.

Figure 6.4 Typical (a) low-magnification, and (b) high-resolution TEM images of the as
grown Ga-doped ZnO multipods with nominal Ga concentration of 2%.

To examine the crystallinity and crystal phases of the as-prepared Ga-doped
ZnO nanostructures, X-ray diffractions analysis were performed. Figure 6.5 exhibits
the typical XRD pattern of the as-synthesized; (a) Ga-doped ZnO nanoneedles and (b)
multipod Ga-doped ZnO structures prepared on silicon substrate by simple thermal
evaporation process. All the diffraction reflections appearing in the XRD pattern for
both the nanostructures belong to wurtzite-structured hexagonal phase single crystalline
bulk ZnO. The diffraction reflection appearing at 34.3°, in both cases and assigned as
Zn0O(002) phase, exhibit the highest intensity among all the observed reflections which
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show that the synthesized Ga-doped ZnO nanomaterials are preferentially grown along

the [002] direction. A small reflection appearing at 32.9°, in both cases, are due to the
silicon substrate and assigned as Si(002). It is interesting to note that no reflection
related with Ga or gallium oxide was seen in the observed XRD pattern which was due
to the fact that the atomic radii of Zn (1.38 A) and Ga (1.41 A) are amost the same.
Therefore, due to the similar atomic radii of Zn and Ga, no considerable lattice
distortion was seen in the observed XRD pattern. In addition, it is seen that with
increasing the Ga-doping concentration, the intensities of the XRD reflections are aso
increased which is similar to the reported literature™.

The crystallite size for the dominant peak representing (002) plane of the XRD
patterns in figures 6.5 (a and b) were calculated using Scherrer’s formula given by
equation (4.1) and the lattice parameters were also calculated from different XRD peaks
(100) and (002) using the formula for a hexagonal structure given by equation 3.2 and
the results of both samples (i.e. the Ga-doped ZnO nanoneedles (with0.5% Ga) and Ga-
doped ZnO multipods (with 2.0% Ga) are listed in table 6.3. The estimated lattice
constants of both samples (i.e. the Ga-doped ZnO nanoneedles (with0.5% Ga) and Ga-
doped ZnO multipods (with 2.0% Ga) agree with the lattice constants of the hexagonal

unit cell of ZnO wurtzite structure®.

sample Crystalite size (D) (nm) L attice constants (nm)
Ga-doped ZnO nanoneedles a=0.325
(0.5% Ga) 72.3 c=0.521
Ga-doped ZnO multipods a=0.325
(2.0% Ga) 120 c=0.521

Table 6.3 crystalite size and lattice constants as-synthesized Ga-doped ZnO
nanoneedles with Ga concentration of 0.5%.and multipods Ga-doped ZnO structures

with Ga concentration of 2%.
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Figure 6.5 Typical XRD pattern of as-synthesized; (a) Ga-doped ZnO nanoneedles with

Ga concentration of 0.5%.and (b) multipods Ga-doped ZnO structures with Ga

concentration of 2%.
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For the growth of nanomaterials, generally two mechanisms are known, i.e. vapor-solid

(V)™ and vapor-liquid-solid (VLS) mechanisms'®**®. |n the case of VLS mechanism,
normally, metal catalysts are used which form the eutectic alloys in the molten phase
with the source materials and considered as a seed or nucleation site for the growth of
nanomaterials. The main characteristic of the VLS mechanism is the existence of metal
nanoparticles at the tips of the nanomaterias. As the grown Ga-doped ZnO
nanomaterials, i.e. aligned nanoneedles and thorny branched structures, do not possess
metal caps on their tips, hence the VLS mechanism for the growth of these
nanomaterials can be ruled out. It is expected that the growth of these nanomaterials
follow two steps: i) nucleation and ii) growth. In the first step, the source materialsi.e.
metallic zinc powder (melting point of zinc = 419.6°C) and Ga powder (melting point of
galium = 29.8°C) were mixed and heated up to the desired reaction temperature.
During the heating process, the zinc and gallium source vapors were generated and
transferred through the nitrogen carrier gas to the substrate surface and forms small
metal alloy droplets which play an important role in the nucleation of the Ga-doped
ZnO nanomaterials. This is the nucleation process. In the next step, in the presence of
oxygen gas, the formed metal alloy droplets converted into oxide and lead to the
formation of Ga-doped ZnO nanomaterials. It is assumed that in the case of low-amount
of Ga (0.5% Ga), the number of nuclei were limited hence facilitate the growth of 1D
nanomaterials while when Ga concentration was increased (2.0% Ga), the number of
nuclei were also increased which contributed significantly in the formation of branched
Ga-doped ZnO nanomaterias. The proposed mechanisms for the formation of Ga-doped
ZnO nanomaterials are just plausible and hence more studies are needed to find more

conclusive evidences.
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6.3.2 Room-temperature photoluminescence (PL) properties of Ga-doped ZnO

nanostructures grown on a Si(100) substrate

The optical properties of the as-deposited Ga-doped ZnO nanostructures were
characterized by using room-temperature photoluminescence (PL) spectroscopy.
Figures 6.6 and 6.7 are the PL spectra of the as-grown Ga-doped ZnO nanomaterials.
Typically, two peaks are appearing in the room-temperature PL spectrum of ZnO based
nanomaterials, i.e. a peak in the UV region, also referred to as the UV emission of near
band edge emission (NBE) and a peak in the visible region, also referred to as visible
emission or deep level emission (DLE). It is reported that the origin of the near band
emission in the PL spectrum are due to the recombination of the free-excitons through
an exciton-exciton collision process'®. However, the appearance of green emission or
deep level emission is because of the radial recombination of the photo-generated hole
with the electrons'®. It is also reported that with increasing the structural defects and
impurities, the intensity of deep level emission increases while decreasing the defects
and impurities, the intensity of the near band emission increases'®.

Figure 6.6 exhibits the room-temperature PL spectrum of lightly (0.5 atomic %)
Ga-doped ZnO nanoneedles which shows a strong UV emission (NBE) at 383 nm and a
suppressed and broad green emission (DLE) at 545 nm with NBE/DLE intensity ratio of
~ 2.66. Therefore, due to strong NBE and suppressed green emission in the PL spectrum
of Ga-doped ZnO nanoneedles, it could be concluded that the synthesized nanoneedles
possess good optical properties and exhibiting very low structural defects and impurities
(low amount of Ga-doping). The observed PL results for Ga-doped ZnO nanoneedles
are consistent with already reported literature™ .

Figure 6.7 demonstrates the room-temperature PL spectrum of heavily (2
atomic %) Ga-doped ZnO multipods structures. The observed PL spectrum exhibits a
strong and sharp deep level emission (DLE) at 533 nm and a suppressed UV emission
(NBE) at 385 nm NBE/DLE intensity ratio is ~ 0.075. The origin of the strong deep
level emission was due to the heavy doping of gallium ions into the lattices of ZnO
which reflect the origination of some defects in the ZnO lattice by gallium ions doping.

The PL results shown in figures 6.6 and 6.7 are in line with earlier observations
i.e. the significant difference in the intensity ratios of the deep level emission peak,
which is usualy attributed to impurities and structural defects (oxygen vacancies and
zinc interstitials) in the ZnO crystals, to the near band edge emission peaks'®*%®. In the
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case of lightly doped Gaions (0.5%), an enhanced UV emission was observed in the PL

spectrum of Ga-doped ZnO nanoneedles, however, when Ga ions were heavily doped
(2%) into the lattices of Ga-doped ZnO multipods, a strong deep level emission was
seen in the PL spectrum. This is clear from the observed results that increasing the
impurity in the ZnO lattices, the green emission intensities in the room-temperature PL
spectra are increases. Also by comparing the pure ZnO nanomaterials (figures 4.6 and
5.4), the Ga-doped ZnO exhibited much enhanced DLE due to the addition of Ga ions
into the lattices of ZnO.

383nm

iﬂ

545nm

Y

Intensity (Arb. Units)
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Figure 6.6 Typica room-temperature photoluminescence spectrum of the as-grown Ga-
doped ZnO nanoneedles with Ga concentration of 0.5%.
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Figure 6.7 Typical room-temperature photoluminescence spectrum of the as-grown Ga-
doped ZnO multipods with Ga concentration of 2%.
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6.3.3 Field emission studies
6.3.3.1 Current —voltage characteristic of Ga doped ZnO nanostructures

The field emission properties of Ga doped ZnO nanoneedles (0.5% Ga) were
investigated under pressure of 3x10® mbar. After a number of emission current
measurements scans (not shown for brevity), figure 6.8(a) shows a reproducible and
stable I-V curve of Ga doped ZnO nanoneedles with Ga concentration of 0.5%. It is
clearly seen from the I-V curve that the emission current increases exponentially with
increasing the applied voltage. The turn on voltage and threshold voltage are 1.7 kV
with observed emission current of 110 nA and 2.7 kV with emission current of 20 pA,
respectively. The corresponding F-N plot is shown in figure 6.8(b). The experimental
data are ailmost fitted into straight line supporting the field electron emission mechanism
(tunneling process). However, since the work function of the Gadoped ZnO
nanoneedles is unknown, it is not possible to estimate the field enhancement factor ()

from the linear fitting.

The interpretation of the excellent field emission performance of the Ga-doped
ZnO nanoneedles with Ga concentration of 0.5% will stand on two grounds (i.e.
geometry and properties of the Ga doped ZnO nanoneedles). Firstly, the tip morphology
(needle shape) and high aspect ratio of the Ga doped ZnO nanoneedles gives rise to
huge enhancement of the local electric field on the apex of the ZnO emitters'™® which
result in low turn on voltage (1.7 kV) compared with the ZnO nanorods with flat end
which was 2.55 kV (see chapter 5 section 4.3). Secondly, doping of gallium into ZnO
has two major effects on field emission properties: the first one is that the Ga-doping
reduces resistivity of the ZnO nanoneedles leading to voltage drop aong the nanoneedie
which results in an enhancement of the effective field at nanoneedle tips‘**. The second
effect is that, n-type doping lifts the Fermi level up and hence lowering the work
function of the ZnO nanoneedles™. Due to the combined effect of these two elements
(i.e. sharp tip morphology and doping effect) as well as the vertical alignment, the Ga
doped ZnO nanoneedles exhibit excellent field emission performance and therefore, can

serve as an efficient electron source in vacuum electronic and flat panel display.
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Figure 6.8 (a) Current-voltage (I-V) characteristic of of the as-grown Ga-doped ZnO
nanoneedles with Gaconcentration of 0.5%. (b) The corresponding F-N plot.
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The field emission properties of the as-grown Ga-doped ZnO multipods with Ga

concentration of 2% were also tested under pressure of 3x10® mbar. Figure 6.9(a)
shows the I-V characteristics of these structures. The emission current increased with
the systematic increase in the applied voltage and the turn on voltage was found to be 2
kV with observed emission current of 83 nA. An emission current of 18 pA was
recorded at threshold voltage of 2.95 kV.

The corresponding F-N plot is shown in figure 6.9(b). Interestingly, the
experimental data can not fit into one straight line, but instead two straight lines with
different slopes. At low electric field region, the slope of the linear fitting is lower than
that in the high electric field region. This phenomenon presumably occurred due to the
nonuniformity in the field enhancement factors of this sample'’*. The Ga doped ZnO
multipods consists of two groups; the small tips as aresult of the secondary growth (will
be referred to as groupl) and the big base needles (will be referred to as group2) as was
reveled by FESEM and TEM images (see previous section (3.1) figures 6.2 and 6.4).
Groupl and group2 have different field enhancement factors f1 and . respectively,
where 1> . It iswell known that the slope of the F-N plot is inversely proportional to
the field enhancement factor 5. At low electric field region (1.3 kV-2.5 kV) electron
emission only comes from the small tips (groupl) with the larger field enhancement Sy,
which corresponds to the part of the FN plot with a small slope, while at high electric
field region, the big base needles (group2) start to emit electrons in addition to the small
tips. Moreover, with increasing the field the contribution from group2 becomes
comparable to those in groupl. Therefore, at high electric field region the total emission
is determined by the contribution from both groups with an expected field enhancement
factor to be smaller than 41 and thus larger slope of the F-N plot at this region (i.e. from
25 kV to 2.95 kV). Similar behavior has been reported by Zhou et al. and was
attributed to the differences in the field enhancement factor due to various shapes of
tungsten oxide nanotips'’®. On the other hand, several studies attributed the feature of

173174 (i e. emission from the conduction band

two lines to the two-band FE mechanism
at low field region and from the valance band as well as the conduction band at high

field region).
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Figure 6.9 (a) Current-voltage (1-V) characteristic of of the as-grown Ga-doped ZnO
multipods with Ga concentration of 2%. (b ) The corresponding F-N plot.
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6.3.3.2 Thefield emission stability of the Ga-doped ZnO nanoneedles

The emission current stability of the Ga-doped ZnO nanoneedles with Ga
concentration of 0.5% was tested at different fixed voltages. Figure 6.10(a) shows the
emission current stability profile of the Ga doped ZnO nanoneedles for a period of 10.5
hours at the anode voltage of 1.7 kV. Initially and over the first hour, the emission
current exhibited step like current fluctuations of ~ 18.18% ranging between 100 nA
and 120 nA as was clearly shown in the enlarged part in figure 6.10(b). Such
fluctuations could be induced by the alteration of the work function and/or the local
electric field due to several reasons such as the self cleaning process and the adsorption
and desorption effect. After that, the present stability shows a stable emission current
for a continuous operation of about 9.5 hours of an average corrent of about 95 nA with
only 10% current fluctuation.

When the extraction voltage was increased to be 2 kV, the average emission current
increased to be about 300 nA and recorded for only 18 minutes as shown in figure 6.11.
The fluctuation of the emission current is as high as 85%. The higher fluctuation and
short lifetime is believed to be due to the resistive heat as well as the ion bombardment
as the collision between the electrons and surrounding molecules in the gap between the
anode and the cathode become significant at higher emission current creating positively
charged ions which are accelerated toward the negatively charged emitters and causing

damage to them.
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Figure 6.10 the emission current stability profile of Ga-doped ZnO nanoneedles with Ga
concentration of 0.5% under a constant applied voltage of 1.7 kV.
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Figure 6.11 the emission current stability profile of Ga-doped ZnO nanoneedles with Ga
concentration of 0.5% under a constant applied voltage of 2 kV.

6.3.3.3 Field emission patterns from Ga-doped ZnO nanoneedles

The field emission images of the Ga-doped ZnO nanoneedles with Ga
concentration of 0.5% as a function of applied voltages are shown in figure 6.12.
Several emission sites were observed and captured at an applied voltage of 1.6 kV with
an emission current of about 35 nA. As can be seen clearly, at higher applied voltages
(2.9kv, 2.2kV, 25 kVand 2.7 kV), these spots were getting intense and more emission
sites appeared with corresponding emission current of 0.6 pA, 2.9 YA, 7.2 pA and 20
MA respectively.
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Figure 6.12 Field emission patterns of Ga-doped ZnO nanoneedles with Ga

concentration of 0.5% grown on Si substrate.

111
PhD thesis The University of York



CHAPTER-6

6.4 Conclusion

In summary, the effect of gallium ion concentrations (0.5 and 2%) on the
morphologies, structural and optical properties of Ga-doped ZnO nanostructures have
been studied and presented in this chapter. The Ga-doped ZnO nanomaterials were
synthesized by simple thermal evaporation process and interestingly it was observed
that by varying the concentration of Ga from 0.5% to 2%, different morphologies, i.e.
nanoneedles to multipod structures were observed. This research demonstrates that
simply by controlling the concentration of Ga, the morphologies of Ga-doped ZnO
nanomaterials can be controlled for specific applications. The field electron emission
characteristics of the samples were investigated. The Ga-doped ZnO nanoneedles
sample exhibits excellent field emission properties owing to their sharp tip morphology,
good electrical properties and vertical alignment. In addition, the nonlinearity in the F-N
plot in the case of Ga-doped ZnO multipods was attributed to the nonuniform field
enhancement factors (5). At the low macroscopic electric field region, emission mainly
comes from the small tips (thorns) with large field enhancement factor (f1), which
correspond to an F-N plot part with small slope. At high macroscopic €electric field
region, big base needle with low field enhancement factor (5,) aso become emission
sites, which reduce the average of field enhancement factor leading to increase in the
slope of corresponding part of the F-N plot. The field emission stability of the Ga-doped
ZnO nanoneedles with Ga concentration of 0.5% was tested at different applied voltages
and presented. The Gadoped ZnO nanoneedles exhibit better field emission
performance in comparison with the Ga-doped ZnO multipods due to better alignment

and uniformity.
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CHAPTERY
INDIUM-DOPED ZnO NANOPENCILS: GROWTH,
CHARACTERIZATIONSAND FIELD EMISSION PROPERTIES

7.1 I ntroduction

The tip morphology plays an important role in the field emission properties of
ZnO nanostructures. Various morphologies of ZnO nanostructures such as nanosheets
networks, nanorods and nanoneedles have been synthesized using various fabrication
techniques and their optical and FE properties have been checked and demonstrated in
the previous chapters. Moreover, detailed study of the effect of metal doping on the
morphology and the field emission properties of ZnO nanomaterials was also examined
and reported. Conventionally, one of the possible routes for improving the field
emission performance of an emitter is to increase the geometrical enhancement factor
near the tip apex. In the case of the tungsten FE emitter, this is typically achieved by
electrochemically etching the tip to very sharp end of = several nanometers, Obviously,
the 1D Nano-structure has the advantages of both high aspect ratio and large throughput
particularly if the ZnO nanostructures, are further enhanced by being fabricated with
specific shape and size.

It has been reported that pencil-like nano-tips, which is being formed in two step
configuration growth can be promising candidates for the field emission applications' ™.
To further investigate this hypothecs, the growth, characterizations and field emission
properties of In-doped ZnO nanopencils will be presented in this chapter. Theses
nanopencils emitters are grown on silicon substrate by simple and facile thermal

evaporation process.

7.2 Experimental details

In-doped ZnO nanopencils were grown on silicon substrate by facile thermal
evaporation process, using metallic indium (99.99%) and zinc powders (99.98%) in the
presence of oxygen. Silicon wafers (1 x 1 cm) were used as substrates for the deposition
of In-doped ZnO nanopencils which were ultrasonically cleaned with DI water and

isopropyl alcohol and finally rinsed with acetone. In a typical reaction process, high-
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purity metallic indium and zinc powders were thoroughly mixed in 1:10 ratio (5.0 %

atomic) and transferred into quartz boat and placed at the centre of the quartz tube
furnace. Consequently, the cleaned substrates were placed adjacent to the source
material. Prior to heating, the quartz tube furnace was evacuated to 10*~ 10 Torr and
kept under vacuum throughout the entire synthesis process. After evacuation of the
quartz tube, the furnace was heated up to 800°C using a halogen lamp heating system in
the presence of high purity nitrogen and oxygen gases. Once the temperature of the
furnace reached over 500°C, indium and zinc vapors were generated (as the melting
point of indium and zinc powders are less than 500°C) which were transferred to the
substrate by nitrogen carrier gas. The oxygen gas was reacted with the generated zinc
and indium vapors and finally the growth was carried out. The reaction was completed
in 1 hr. A concise summary of the growth parameters of In-doped ZnO nanopencils are
presented in table7.1.

After completing the reaction, the furnace was very slowly cooled down
(15°C/min) to room-temperature and the deposition of a grayish white coloured product
was observed on the entire substrate surface. The deposited material was characterized
in terms of their morphological, structural and optical characterizations by using various
analytical tools.

The detailed morphologies of as-prepared doped ZnO material was examined by
field emission scanning electron microscopy (FESEM; JEOL-JSM-7600F) and
transmission electron microscopy (TEM). The composition of as-prepared material was
investigated by energy dispersive spectroscopy (EDS) attached to FESEM. The
structural properties of the prepared material was examined by X-ray diffraction (XRD;
PANanalytical Xpert Pro.) with Cu-Ko radiation (1=1.54178 A) in the range of 26
between 20° to 65°. To investigate the crystal purity, the prepared material was studied
by Raman-scattering measured with the Ar* laser lines (513.4 nm) as the exciton source.
The optical properties was examined by room-temperature photoluminescence (PL)

measured with He-Cd laser lines (325 nm) as the exciton source.
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Nanomateial Type In-doped ZnO nanopencils

Growth Technique | Thermal evaporation process using horizontal quartz tube furnace
Reactants High-purity metallic zinc and In powders, oxygen and nitrogen gases
Substrate Silicon substrate

Reaction 800°C

Temperature

Reaction Time 1.0hr

Table 7.1 Summary of the growth parameters of In-doped ZnO nanopencils.

7.3 Results and discussion

7.3.1 Morphological, compositional and structural properties of In-doped ZnO
nanopencils

The general morphologies of the as-prepared material was examined by field
emission scanning electron microscopy (FESEM) as figure 7.1 shows, the resultant
fabricated nanostructures are of pencil-shaped morphologies. The nanopencils are
grown in very high density as was confirmed from the low-magnification image shown
infigure 7.1(a). It is interesting to see that the nano-pencils are made of two parts; i.e. a
nanorod as well as a nanoneedle which are connected in such a manner that the base of
the nanoneedle is attached to the head of the nanorod. Very interestingly, the
nanopencils are exhibiting smooth and clean surfaces throughout their lengths (figure
7.1(b)). The typical diameters of the base nanorods in nanopencils are 80 + 10 nm while
the lengths are in the range of 3 + 0.5 um. The diameters for the tips of the nanopencils
are~15 + 3 nm (figure 7.1(c)).

The elemental composition of the as-prepared In-doped ZnO nanopencils were
examined by energy dispersive spectroscopy (EDS) attached to FESEM. Figure 7.1 (d)
exhibits a typical EDS spectrum of an as-prepared In-doped ZnO nanopencils which
confirms that the nanopencils are made of zinc, indium and oxygen as spectrum exhibits
peaks only related to these elements. No other peak related to any other element is
observed in the EDS spectrum. This further reveals that the nanopencils are In-doped
ZnO without any significant impurity, up to the detection limit of the EDS method.
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Figure 7.1 (ac) FESEM images showing the morphology of the In-doped ZnO
nanopencils on silicon substrate prepared by thermal evaporation process. Image (a)
shows the dense growth of In-doped ZnO nanostructures. (b and ¢) images show that the
In-doped ZnO nanostructures are made of two parts: ultra fine tip connected to a base of
ZnO nanorods. (d) Shows the EDS spectrum showing the constituent elements found

on the grown structures.
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The crystallinity and crystal phases of the ZnO nanopencils were examined by X-ray
diffraction (XRD) and the results are shown in figure 7.2. Severa well defined
diffraction reflections at 31.8°, 32.9°, 34.49°, 36.4°, 47.6°, 54.5°, 56.6° and 62.9° are
seen in the observed XRD pattern. The diffraction reflections appeared at 31.8°, 34.2°,
36.3°, 47.6°, 56.6° and 62.9° are related with the wurtzite hexagonal phase of ZnO and
assigned to be ZnO(100), ZnO(002), ZnO(101), ZnO(102), ZnO(110) and ZnO(103),
respectively. A small diffraction reflection originated at 54.5° is related with In and

assigned as In(112). In addition to zinc and In reflections in the diffraction pattern, a
small reflection appeared at 32.9° is due to the silicon substrate and can be attributed to
Si(002). The crystallite size was estimated from dominant peak of the XRD pattern in
figure 7.2 using Scherrer’s formula given by equation (4.1). In addition, the lattice
parameters of the In-doped ZnO nanopencils were also calculated using the formula for
a hexagonal structure given by equation (3.2) from two XRD peaks positioned at
34.49°and 36.4° representing (002) and (101) planes, respectively. The crysrtallite size
and the estimated lattice constants of the In-doped ZnO nanopencils are summarised in
table 7.2. The estimated lattice constants agree with the TEM observation in figure
7.3(b).

Crystdlite size (D) (nm) L attice constants (nm)
a=0.324

36.4 c=0.52

Table 7.2 crystallite size and lattice constant of the In-doped ZnO nanopencils grown on
Si substrate.

Finally, due to the presence of a small indium peak with other wurtzite ZnO
reflections in the pattern reveals that the indium atoms are efficiently incorporated into
the lattices of grown nanopencils. Moreover, no characteristic diffraction reflection
related with any impurity was detected in the pattern within the detection limit of the X-
ray diffractometer, further revealed that the synthesized nanopencils are well-crystalline
and are pure In-doped ZnO.

The detalled structural characterizations of the as-deposited In-doped ZnO
nanopencils were carried out by transmission electron microscopy (TEM) and shown in
figure 7.3. For the TEM analysis, the prepared In-doped ZnO nanopencils grown on
silicon substrate were ultrasonically dispersed in acetone and a drop of acetone solution,

which contains the In-doped ZnO nanopencil, was placed on a copper grid and
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examined. Figure 7.3(a) exhibits the low magnification TEM image of tip portion

(nanoneedle) of the as-prepared single In-doped ZnO nanopencil. As can be seen from
the TEM image, the tip of the nanopencil exhibits the same morphology as was
observed in FESEM. The nanoneedle diameter gradually decreases with increasing the
length and finally a needle-shape is formed. The typical diameter of the nanoneedle at
its tips and root are in the range of 13-15 nm and 16-18 nm, respectively. The
nanoneedles possess smooth and clean surfaces throughout their length and the roots
exhibit wider diameters while the tips show narrow diameter. Figure 7.3(b) exhibits the
high resolution image of the nanoneedle shown in figure 7.3(a). The HRTEM image
shows well-defined lattice fringes with the distance between two fringes are ~0.52 nm,
which is equal to the lattice constant of crystalline ZnO and indicates that the deposited
materials have wurtzite structure. Thus far, one can conclude that In atoms are
efficiently and appropriately incorporated into the lattices of ZnO in such a way that
these doped (In) atoms does not affect the crystal structure of the parent crystal, i.e.
wurtzite hexagonal phase ZnO.
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Figure 7.2 XRD pattern of the as-grown In-doped ZnO nanopencils on silicon substrate
prepared by thermal evaporation process showing a well crystalline wurtzite hexagonal
phase of ZnO. The small peak at 54.5° indexed to In(112).
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Figure7.3 (a) low magnification TEM image of the ultrafine tip (nanoneedle) of the as-

grown In-doped ZnO nanopencil with a diameter in the range of 13-15 nm and (b)
high-magnification TEM images of as-grown In-doped ZnO nanopencils on silicon
substrate showing well-defined lattice fringes with d spacing equa to the lattice
constant of crystalline ZnO (~0.52 nm).
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7.3.2 Optical and Raman-scattering properties of In-doped ZnO nanopencils

The optical properties of as-prepared In-doped ZnO nanopencils were
characterized at room-temperature using photoluminescence (PL) spectroscopy and
presented in figure7.4. Normally, ZnO based nanomaterials exhibits two bands in the
room-temperature PL spectrum, i.e. a band in the UV-region and a band in the visible
region. The band which is indicated by the UV-region is called the ‘near band edge
emission’ and according to the literature this band appears in the PL spectrum of ZnO
based materials due to the free-exciton recombination'®. The visible region band is
called the *deep level emission’ and there are several theories reported in the literature
regarding the origination of this band in the PL spectrum of ZnO based nanomaterials™*.
Among various theories, the most commonly reported one regarding the origination of
deep level emission is that it ascribed to the single ionized oxygen vacancy and arises
from the recombination of a photo-generated hole with the single ionized charged state
of the defect in ZnO'’. In addition, it is also reported that deep level emission result
from the radiative transitions between shallow donors (related to oxygen vacancies) and
deep acceptors (zinc vacancies)™™. It is well known that with the addition of foreign
element (i.e. dopant) into the lattices of a ZnO crystal, the intensity of the deep level
emission increases while by decreasing the defects and impurities, the intensity of the
near band emission increases'””. These facts are well-mentioned and discussed in
chapters 4-6 in which pure ZnO nanomaterials and Ga-doped ZnO nanostructures are
demonstrated. Figure 7.4 exhibits the typical room-temperature PL spectrum of In-
doped ZnO nanopencils and shows a sharp and strong UV emission (NBE) at ~391 nm
with a suppressed and broad deep level emission (DLE) at ~560 nm. The calculated
NBE/DLE intensity ratio is ~ 1.88. Because of the presence of deep level emission in
the room-temperature PL spectrum of In-doped ZnO nanopencils, one can conclude that
this band results due to the doping of indium which leads to some defects in the lattices
of ZnO and hence enhance the green emission. The observed PL spectrum for In-doped
ZnO nanopencils is in line with earlier observation in PL results of Ga-doped ZnO
nanomaterials demonstrated in chapter 6.

Raman-scattering is an excellent tool to determine the vibrational and crysta
quality of prepared nanomaterials. Therefore, the as-prepared In-doped ZnO
nanopencils were examined by the Raman-scattering spectroscopy at room-temperature
and the results are shown in figure 7.5. The II-VI wurtzite hexagonal phase ZnO

belongs to C%, space group and according to the T’ point of the Brillouin zone, it
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possess various optic modes: I'= A;+ 2B+ E;+2E; in which A4, Ej, and E; modes are

Raman active. Among these, the E, modes are Raman active only while the A; and E;
are also infrared active™. Figure 7.5 exhibits the typical Raman-scattering spectrum of
as-prepared In-doped ZnO nanopencils grown on silicon substrate.

Three well-defined peaks appear in the Raman-scattering spectrum, i.e. at 332
cm™, 437 cm™ and 577 cm™. The most dominant peak appears at 437 cm™ and can be
assigned as Raman-active optical-phonon E, mode, a characteristic peak of wurtzite
hexagonal ZnO, and confirms that the base material is ZnO%. A small peak appears at
332 cm™ and can be attributed to Exy — Ex (multi phonon) and it was observed that this
peak appear in the Raman-scattering spectrum when the material is well-crystalline®.
The presence of a peak at 577 cm™ can be assigned as E;. which originates due to the
insertion of impurities in the lattices of ZnO as In is doped into the lattices of ZnO. The
presence of most dominated optical-phonon E; mode and a suppressed E;. mode in the
observed Raman spectrum, leads one to conclude that In is efficiently doped into the
lattices of ZnO and that the as-deposited In-doped ZnO nanopencils possess a good
crystaline structure.

391 nm

560 nm
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Figure 7.4 Room-temperature photoluminescence (PL) spectrum of as-grown In-doped
ZnO nanopencils on silicon substrate prepared by thermal evaporation process. See text

for detailed discussion and assignments of the peaks.
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Figure 7.5 Raman-scattering spectrum of as-grown In-doped ZnO nanopencils on

silicon substrate prepared by thermal evaporation process.

7.3.3 Plausible growth mechanism of In-doped ZnO nanopencils

Based on the observed FESEM and TEM images, a plausible mechanism for the
formation of In-doped ZnO nanopencils can be explained. The mechanism can be
explained based on the chemical reaction involved and the crystal growth habits of the
prepared nanomaterial.

For the growth of 1D nanomaterials, normally two kinds of mechanisms have
been proposed in the literature, i.e. vapor-liquid-solid (VLS)* and vapor-solid (VS)*'.
The VLS mechanism involves the utilization of metal nanoparticle as a catalyst and as
initial nuclei which leads to the formation of 1D growth of nanomaterials. The main
characteristic of VLS mechanism is the presence of metal a nanoparticle at the tip of the

nanomaterial. For the growth of In-Doped ZnO nanopencils, no metal particles are used
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during the reaction and no metal particles are observed on the tips, hence the VLS

mechanism for the growth of nanopencils can be ruled out.

Basically, the growth of In-doped ZnO nanopencils can be divided into two
sections, i.e. in the first part, the formation of hexagonal nanorods while the second part
lead to the growth of nanoneedles on the head of grown nanorods. For the first step
growth, initially when the furnace temperature was increased up to 800°C in the
presence of high-purity N, and oxygen gases, the In and Zn powders melted (melting
points. In= 156.59°C, Zn= 419.5°C) and consequently generated In and Zn vapors and
reacted with oxygen gas in the gaseous phase (figure 7.6(a)). The gaseous InZnO
species formed the InZnO hexagonal nuclei as the reaction proceeds (figure 7.6(b)). It is
important to mention that the nuclei of InZnO follow the crystal behavior of ZnO due to

the high content of Zn during the reaction. The formed nuclei exhibit (0001) top and
(0001) bottom surfaces. According to the crystal growth behaviors of ZnO, various
shapes of ZnO or ZnO based nanomaterials depend upon the relative growth rates of
different crystal facets which is [0001] > [0111] > [0110] > [0001] under hydrothermal

conditions'®9*8! |t was realized that the basal hexagonal nanorod identically follows
the ideal growth behavior of ZnO in which the nanorods are grown along the [0001]

direction while the top and side surfaces are formed by the £(0001) and six
crystallographic equivalent {0110} planes, respectively. During the ZnO crystal growth,

the surface diffusion is the most important rate limiting process; therefore, the (0001)

plane disappears and capped with the lower surface energy facet but higher miller
indices of [0111] surfaces and after the growth of [0111] facet, the (0001) plane is the

most likely remaining facet. This crystal behavior of grown In-doped ZnO nanorods
fully follows the crystal behavior of ZnO crystals (figure 7.6(c))*®". The exposed (0001)
surfaces in the grown hexagona nanorods are catalytically active and hence these
provide the preferred growth sites for the second step growth of InZnO nanopencils.
The second step growth is formed during the very slow cooling process of the furnace
during which, the absorbed reactant vapors on the catalytically active (0001) surfaces, is
still sufficient enough. However, during cooling, which is combined with continuously
temperature reduction, the grown structures are purposely deprived from the source
material. This leads to reducing the diameter of nanomaterial and the nanoneedle are

eventually have shaped morphologies that is constructed over hexagona nanorods,
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forming the InZnO nanopencils. It isimportant to mention that the proposed mechanism

is plausible and to draw an exact mechanism more experimental datais needed.
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Figure 7.6 Schematic growth mechanism for the formation of as-deposited In-doped
ZnO nanopencils on silicon substrate prepared by thermal evaporation process.
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7.3.4 Field emission propertiesof In-doped ZnO nanopencils

7.3.4.1 Current-voltage characteristics of In-doped ZnO nanopencils

To verify the field emission properties of the In-doped ZnO nanopencils, field
emission measurement was carried out in a vacuum chamber at pressure environment of
3x10® mbar. Field electron emission was obtained from In-doped ZnO nanopencils
grown on 5x5 mm Si substrate. The applied voltage was increased from 0 to 3kV at 0.1
KV increment. The |-V characteristics curve of FE from the In-doped ZnO nanopencils
along with the corresponding F-N plot are shown in figure 7.7. The turn-on and
threshold voltages were found to be ~1.3 kV with emission current of 80 nA registered
and 3 kV with emission current of 17.15 YA registered, respectively. Since the
distribution of the electric field around an emitter depends on its apex gometry™®,
therefore, the low turn on voltage of the In-doped ZnO nanopencils can be an indication
of their distinctive geometrical configuration. It is believed that, the pencil-like feature
of ZnO emitters is beneficia in terms of performance due to large enchantment of the
local electric field. Moreover, the two step configuration localize the electric field on of
the emitter eliminating unwanted emission from off axis sites specially the thick base of
the emitters'”.

Additionally, the impact of the doping is equally important as the geometry of the
tip, and cannot be disregarded. Doping of indium into the ZnO leads to improvement in
the electrical properties (i.e. conductivity and carrier concentration) and therefore
lowering the work function which enhance the FE performance and prolong the life
time of the tip*®.

On the other hand, the relatively high threshold voltage is believed to be due to
the screening effect. Since, the growth is highly dense and randomly oriented, some of
the nanopencils emitters are physically shadowed by others, failing therefore to emit

because of the absence of electric field*”™

. Clearly then, avertically oriented growth of
In doped ZnO nanpencils will improve the field emission performance of these emitters
by eliminating the shadowing effect and strengthens the local electric field by being

perpendicular toit.
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Figure 7.7 (a) Current-voltage (I-V) characteristic of of the as-deposited In-doped ZnO
nanopencils. (b) The corresponding F-N plot.

126
PhD thesis The University of York



CHAPTER-7

7.3.4.2 Thefield emission current stability of In-doped ZnO nanopencils

To investigate the practical applications of the In-doped ZnO nanopencils as
field emitter candidate, the field emission current stability was measured at constant
voltage under base pressure of 3x10°® mbar.

Figure 7.8 shows the variation of the emission current versus time for a
period of time of over 3 hours at an applied voltage of 1.5 kV. In the present
experiment, an emission current of about 120 nA was recorded at the beginning. The
field emission current exhibits steady decrease to be about 40% of the initial value after
3 hours of continuous operation. In the second hour of operation, the emission current
exhibits reasonable stability with a fluctuation of about 60% at an average of ~ 76 nA,
however, in the last hour the current fluctuation increased and combine with many sharp
spikes which could be attributed to the adsorbates effect.

Emission current (nA)

| "'"'"WFMW ‘WWW

05 1 1.5 2 2.5 3
Time (hour)

Figure7.8 the emission current stability profile of In-doped ZnO nanopencils at fixed
voltage of 1.5 kV.
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7.3.4.3 Field emission patterns of In-doped ZnO nanopencils

Severa representative images of the emission pattern of the In-doped ZnO
nanopencils were captured by digital camera at different applied voltages and shown in
figure 7.9. As can be seen, the emission sites gradually immerged and were getting
intense with increasing the applied voltage. The corresponding emission current is (0.55
MA, 2.46 YA, 6.82 BA and 17.15 pA) at applied voltages of (1.7 kV, 2.1 kV, 2.5 kV and
3 kV) respectively.

Figure 7.9 Field emission patterns of In-doped ZnO nanopencils grown on S substrate

as afunction of applied voltage.
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7.4 Conclusion

In summary, In-doped ZnO nanopencils were grown on silicon substrate by facile
thermal evaporation process using metallic indium and zinc powders in the presence of
oxygen. The detailed morphological and structural properties investigations revealed
that the high density prepared nanomaterials are wurtzite hexagonal phase nanopencils.
Raman-scattering studies also confirmed the well-crystallinity and wurtzite hexagonal
phase of the nanopencils. The presence of a sharp and strong UV emission in the room-
temperature PL spectrum is an indication of good optical properties for the examined
material. The field emission properties of the grown nanopencils on silicon substrate
were also investigated. The main advantage of the In-doped ZnO nanopencils is the
lower turn-on voltage of 1.3 kV compared to ZnO nanorods (2.65 kV) (see section
5.3.4.1) and Ga-doped ZnO nanoneedles (1.7 kV) (see section 6.3.3.1). On the other
hand, the field emission current stability experiment revealed that the In-doped ZnO
nanopencils exhibited poor current stability of 60% for only 1 hour compared to the Ga-
doped ZnO nanoneedles (with only 10% current fluctuation) as well as shorter life time

of 3 hours compared to 10 hoursin the case of Ga-doped ZnO nanoneedles.
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CHAPTERS8
GROWTH AND FIELD EMISSION STUDIES OF ZnO
NANOSTRUCTURES GROWN ON MICROFABRICATED
TUNGSTEN EMITTERS

8.1 Introduction

Field electron emission is an important application of nanomaterials, particularly
the 1D nanomateria as their emitting efficiency can be enhanced by being fabricated
perpendicularly aligned to the anode surface and for their flexible geometry®**®. The
carbon nanotube is one of the most extensive materials that have been studied over the
last two decades for field emission device applications, due to its several exotic
properties, such as good conductivity, chemical stability, easy and cost-effective growth
et053’54'190’191.

However, recently the metal oxide nanomaterials are also considered a
promising field emission material as well, owing to their excellent stability in oxygen
environment and at high-temperatures™. Moreover, the electronic properties of the
oxide nanomaterials can also be controlled by several techniques. Among the oxide
family of nanomaterials, the zinc oxide material turned out to uniquely possesses
excellent properties”™. The field emission application of ZnO nanowires is rarely
investigated, contrary to being utilized in a variety of high-technological applications, to
name a few, electronic and optoelectronics, gas sensors, field emission devices,
piezoel ectric nano-generators, mechanics, sensors, actuators and solar cells™¥%%,

In this chapter, a novel fabrication of a facile growth of ZnO nanowires on pre-
fabricated micro tungsten emitters provided by York Probe Sources (YPS) Ltd, York,
UK, is demonstrated. In addition, the field emission properties of the grown ZnO

nanowires are also investigated in this chapter.

8.2.  Direct growth of ZnO nanowires on micro-fabricated tungsten emitters

ZnO nanowires were grown on pre-fabricated micro tungsten emitters provided
by YPS, in which a 100 um diameter tungsten wire is spot welded to a bent tungsten

wire and mounted on a ceramic base of the type used in electron microscopy cathodes.
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The end of the tungsten wire is electrochemically etched to a sharp tip-needle with a

radius in the range of 0.5-1.0 um. For al the experiments, high purity metallic zinc
(99.98%), oxygen (99.99%) and nitrogen (99.99%), were used.

8.3  Experimental work of the growth of ZnO nanowireson the W emitters

The growth of ZnO nanowires on the micro tungsten emitters was carried out by
horizontal quartz tube furnace using high-purity metallic zinc powders in the presence
of oxygen and nitrogen as Figure 8.1 shows.

A special experimental assembly was made in which an alumina boat containing
metallic zinc powder is placed at the centre while the tungsten emitter is placed at a
certain distance away from the source material boat in the horizontal quartz tube furnace
and the quartz tube furnace was evacuated to 10 mbar. This pressure was preserved
constant during the entire reaction process. After evacuation, a flow rate of 100 sccm of
high-purity nitrogen gas is maintained in the reactor over a span time of 20 min, while,
the furnace temperature was very slowly (10°C/min) increased up to the growth
temperature (ranging from 550°C to 750°C) using a halogen lamp as a heating element.

Once the temperature of the furnace reached the growth temperature, a high
purity oxygen gas (35 sccm) is then introduced to the reactor furnace. At this stage the
growth is believed to be initiated as the zinc vapors is generated then transferred to
condense on the tungsten tip. The reaction time was varied from 1 to 3 hrs period over
a set of experiments. After the reaction is completed, the furnace was slowly cooled
down to room-temperature (20°C/min) and a deposition of grayish to white colored
layer is observed by the naked eye on the surface of the tungsten tips. The deposited
materia’s structure was examined by using field emission scanning electron
microscopy (FESEM; JEOL-JSM-7600F). Furthermore, the field emission properties of
the ZnO nanowires grown on tungsten emitters were examined and demonstrated in
section (8.5.2).
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Figure 8.1 Schematic for the direct growth of ZnO nanowires on pre-fabricated micro
tungsten emitters provided by Y ork Probe Sources (YPS) Ltd., York, UK.
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Nanomateial Growth Substrate Reaction Zinc Distance
Type Technigque Type
Time powder | between Growth
Temperature
amount | source
material
and w tip
Tip-1: ZnO Thermal YPS W 3hrs 1.5gm 5cm 600°C
Microrods | evaporation emitter
Tip-2: ZnO Thermal YPS-W 25hrs 1.5gm 5cm 650°C
Nanowires | evaporation emitter
Tip-3: ZnO Thermal YPS W 2.0hrs 1.5gm 5cm 650°C
Nanowires | evaporation emitter
coated with
ZnO thin
film (200
nm)
Tip-4: ZnO Thermal YPS W 15hrs 1.5gm 5cm 700°C
Nanowires | evaporation emitter
coated with
ZnO thin
film (200
nm)
Tip-5: ZnO Thermal YPS W 1.0hrs 0.5gm 3cm 750°C
Nanowires | evaporation emitter
coated with
ZnO thin
film (200
nm)

Table 8.1 Summary of the growth parameters for the growth of ZnO nanomaterials on
Y PS- tungsten (W) emitters.
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8.3.1 Theeffect of temperature, the distance between the tip and source material

and reaction time

The best results obtained of any recognizable growth of ZnO structures in
Figures 8.2 are resultant of implementing a growth condition of 3hrs reaction time,
using 1.5 gm of metallic zinc powder at 600°C. These conditions were arrived at by
varying the temperature by =50°C increment, starting from 500°C. Likewise the source
materials were increased by 0.5 g increment by which, several experiments were carried
out to define the appropriate amount of the source material that is needed to achieve the
growth. Experimentally, it turned out that the impact of changing the amount of the
source materialsis not as crucia as the temperature. However, a5 cm distance between
source material and emitter had to be initially guessed or somewhat based on trial and
error approach.

Figure 8.2(a) is a low-magnification image of the resultant structures which are
not nanowires. They are instead micro-rods being randomly grown and distributed on
the tip. The high-resolution images figures 8.2(b and c) show that the deposited ZnO
micro-rods have diameters of 1.5-2 um and typical lengths of ~8-10 um.
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Figure 8.2 FESEM images of ZnO growth on the YPS tungsten emitters (Tip-1)
(Reaction time: 3 hrs, Zn amount = 1.5 g; distance between source material and emitter:

5 cm; growth temperature: 600°C).
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To realize our objective, which is obtaining aligned nanowires, a second set of

experiments was performed, and the resultant FESEM images are shown in Figure 8.3.

For these set of experiments, the reaction conditions were altered by reducing
the reaction time to 2.5 hrs, amount of metallic zinc powder remained intact at 1.5 g,
reaction temperature set at 650°C while the distance between the source material and
the emitter being fixed at and 5 cm.

The ZnO nanowires growth is achieved this time though, it is over their outer
surfaces as shown by the SEM images in figure 8.3. Although, these are the best results
achieved from few tenths of experiments, the nanowires are still randomly distributed in
all directions around the tips. A much improved aligned structures are observed on both
sides of the tip in which the nanowires are perpendicular to the surface and distant from
each other by 10-20 nm as figure 8.3(c) shows. Although the growth density has
considerably increased, but the quality of the growth is still unsatisfactory as the
nanowires are mixed and interconnected with thin ZnO nanosheets at the tip apex
(figure 8.3(d)). Therefore, the decision was made to introduce an interface layer on the

tungsten to improve the growth.

136
PhD thesis The University of York



CHAPTER-8

Figure 8.3 FESEM images of ZnO nanowires grown on the YPS micro tungsten
emitters (Tip-2). (Reaction time 2.5 hrs, amount of metallic zinc powder =1.5g, reaction
temperature 650°C; and distance between source material and emitter was set to 5 cm).
The bent end-form has most likely been caused during handling the emitter while
loading it in the furnace. This does not affect the experimental results discussed here,
though as some nanorods are indeed grown along the optical axis of the tungsten

emitter.
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8.3.2 Improving the alignment of the nanowires by adding an interface layer

To get an aligned structure of ZnO nanowires and being located on the tip apex a
new strategy was applied. Instead of directly growing on tungsten, an interface layer of
thin ZnO film (200 nm) was sputtered using a magnetron sputtering on the tips' surface
in advance. This is to reduce the lattice mismatch and to act as seed layer for the
growth. Figure 8.4 exhibits FESEM images of ZnO nanowires grown on the ZnO film
coated on the tungsten emitters over a span of time of 2 hrs, 1.5 g of metallic zinc
powder, 650°C and 5 cm distance between source material and emitter.

As can be seen from the observed FESEM images, the entire surface of the
emitter is covered with ZnO nanowires as figures 8.4(a), (b) and (c) show and
interestingly, some over growth of the ZnO nanowires were also seen. To eliminate this
over growth problem, several other experiments have been carried out and presented in
next section. The decision was made here to dightly alter the growth conditions that had
been established in section 8.3.1.
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Figure 8.4 FESEM images of ZnO nanowires grown on the ZnO film (200 nm) coated
pre-fabricated micro tungsten emitters provided by YPS (Tip-3). (Reaction time 2 hrs,

amount of metallic zinc powder =1.5 g, reaction temperature 650°C; and distance

between source material and emitter was set to 5 cm)
8.3.3 The elimination of the over growth phenomenon

Severa other experiments have been carried out in which the growth conditions
needed to be tuned for obtaining low density, high-aspect ratio and aligned ZnO
nanowire with smooth surfaces.

After several experiments, it was found that the best results were obtained by
reducing the reaction time to be 1.5 hrs and increasing the growth temperature to 700°C.
The amount of the source material and the distance between source material and emitter
remained intact at 1.5 g and 5 cm respectively.

Figure 8.5 demonstrates the FESEM images of ZnO nanowires grown on ZnO
film (200 nm) coated tungsten emitter under aforementioned growth conditions. As seen

from the FESEM images the entire tungsten emitter tip is covered with high-aspect ratio
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ZnO nanowires. The nanowires are grown almost aligned to the surface of the tungsten

tip with lengths and diameters of about 20-25 um and 150-200 nm, respectively as
shown in figure 8.5(d). However, unpredicted growth of tetrapod shaped ZnO
nanowires emerged from the tip-end of the nanowires.

Figure 8.5 FESEM images of ZnO nanowires grown on ZnO film (200 nm) coated pre-
fabricated micro tungsten emitters provided by YPS (Tip-4). (Reaction time 1.5 hrs,
amount of metallic zinc powder = 1.5 g, reaction temperature 700°C; and distance

between source material and emitter was set to 5 cm)
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Although the coincident tetrapod shaped growth is worthy of further

investigation, it is beyond the scope of this study to do so. In order to eliminate the
tetrapods overgrowth, the growth conditions that had been established in section 8.3.3
must be slightly altered. Several sets of experiments have been designed and carried out
in which each growth factor was solely modified. As aresult reducing the reaction time
to 1hr as well as the source materials to 0.5 g seemed to cure the overgrowth
phenomenon. The reaction temperature and the distance between source material and
emitter were also altered to be 750°C and 3 cm respectively. Figure 8.6 exhibits the
typical FESEM images of ZnO nanowires grown on ZnO thin film (200 nm) deposited

tungsten emitter tip when applying these growth conditions.

Figure 8.6 FESEM images of ZnO nanowires grown on ZnO film (200 nm) coated pre-
fabricated micro tungsten emitters provided by YPS (Tip-5). (Reaction time 1 hr,
amount of metallic zinc powder = 0.50 g, reaction temperature 750°C; and distance
between source material and emitter was set to 3 cm). Note the ZnO nanowire,
identified by the red circle in image (C), is significantly higher than the others grown on
thetip’'s apex.
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8.4 Discussion

A novel growth fabrication of ZnO nanowires on (YPS) pre-fabricated micro
tungsten emitters is carried out to study the field emission properties of the nanowires.
The horizontal quartz tube furnace shown in figure 8.1 is used and al results are
examined by the JEOL FESEM.

It is important to note that for the optimum nanowires growth on the tungsten
tip, various factors such as reaction time, amount of source material, position of
substrate/tips with regard to the source material, growth temperature, the increased rate
of temperature, cooling rate, etc are very important and need to be taken into
consideration. Some of the former initial growth conditions were established based on
work from the literature whereas others are based on trial and error approach. However,
it is noteworthy that, fundamentally the growth can significantly differ even when
applying the same conditions reported in the literature, due to some minor discrepancy
of the gas purities, instrumental settings and measurements accuracy. For this reason the
decision was made to independently alter some of the former growth conditions and
monitor their impact on the growth.

In section 8.3 a brief portrayal of the initia growth conditions is presented. A
very stringent cleaning procedure was established in which Acetone and DI water are
used to remove any surplus depositions on the quartz tube form preceding experiments.
This was to ensure that the growth is only governed by the reaction conditions that were
then defined throughout the experimentation sections 8.3.1, 8.3.2, and 8.3.3.

In section 8.3.1 the effect of the temperature, the distance between the tip and
source material and the reaction time were investigated. Although, the obtained results
in figure 8.2, from implementing the initial conditions are not in the form of
nanostructure, they still represent the origination of 1D mirco/nano structure. The best
results obtained were due to implementing growth conditions of 3hrs reaction time,
using 1.5 gm of metallic zinc powder at 600°C. Over several experiments, a 5 cm
distance between source material and emitter is chosen whereas, the temperature was
varied by =50°C increment, starting from 500°C and the source materials were
increased by 0.5 g increment . The later factor seemed to have less influence on the
growth in comparison to the temperature. Even when the ZnO nanowires growth is
achieved, it was over their outer surfaces and randomly distributed in al directions

around the tips as shown in figure 8.3. Another disappointing growth aspect was the fact
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that the nanowires are mixed and interconnected with thin ZnO nanosheets (figure

8.3(d)). Nonetheless, on the sides of the tip, the nanowires were perpendicular and of a
superior quality than those on the tip apex. Therefore, the decision was made to
introduce an interface layer on the tungsten to improve the growth.

In section 8.3.2, an enhanced alignment is gained as new approach was adapted.
An interface layer of thin ZnO film (200 nm) was sputtered on the tips' surface rather
than growing directly on tungsten. This was to reduce the lattice mismatch and to act as
seed layer for the growth and the results are shown in figures 8.4(a), (b) and (c). Here,
the ZnO nanowire grown in very high density and low aspect ratio. Unfortunately, some
over growth of the ZnO nanowires were also seen in which, some of the original ZnO
nanowires acted as substrates for a secondary growth of new ZnO nanowires on their
surfaces. The over growth phenomenon might have been due to the long reaction time,
therefore to eliminate this over growth problem; the reaction conditions were dightly
altered.

In section 8.3.4, the reaction time was reduced to 1.5 hrs and the temperature is
increased to 700°C. The alignment is further enhanced and the lengths and diameters of
the nanowires are 20-25 um and 150-200 nm, respectively as shown in figure 8.5(d).
Unpredicted as well as surpluses growth of tetrapod shaped ZnO nanowiresis also seen,
which again necessitated further modifications to the growth conditions. Reducing the
reaction time to 1 hr, the source materials to 0.5 g, the source materia to emitter
distance to 3 cm and by increasing the temperature to 750°C seemed to eliminate the
overgrowth phenomenon.

Finally the result of applying the above optimum conditions that have been
investigated in sections 8.3.1, 8.3.2 and 8.3.3 is shown in figure 8.6. The resultant
nanowires are vertically aligned to the tip surface, possess very high aspect ratio and
grown in a very smooth manner in all directions on the entire surface of the tip. The
typical lengths and diameters of the grown nanowires are in the range of 15-20 um and
150-200 nm, respectively. Moreover, due to well-aligned nature and good aspect ratio,
the grown ZnO nanowires on tungsten tip can be very useful for field emission device

applications.
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8.5. Field emission properties of ZnO nanowiresdirectly grown on micro-
fabricated tungsten emittersprovided by York Probe Sources (YPS), Ltd.

8.5.1 Experimental design: sample holder layout

In order to study the field emission properties of the ZnO nanorods grown on
micro-fabricated tungsten emitters a special sample mount needed to be designed.
Firstly, 1 used a stage which would allow for easy alignment and positioning of the
emitters. The stage consists of two parts as follows i) the mounting plate, an aluminum
disc of 100 mm diameter and 4 mm in thickness. It has a big hole through its centre for
electrical connections and other six screw holes as can be seen in figure 8.7. ii) the
emitter holder, it was made from two pieces, an emitter mount ring suspended inside a
U shaped aluminum holder by two screws, which allow for adjusting the angle of the
emitter while the U shaped aluminum holder has the ability to movein £Y axisallowing
for repositioning and centering the emitter. The emitter holder is isolated from the
mounting plate by placing it on an insulating base of peek materials of thickness of
4mm. the emitter holder is mounted on the mounting plate through two screws each
side. The emitter acts as the cathode so the emitter and the holder are kept at negative
potential. For more illustrations please figure 8.8.

Secondly, the anode is made of 100 mm circular disc of aluminum with 500 pm
diameter hole at the centre (see figure 8.9). A thin layer of phosphor powder was
deposited on the whole surface of the anode and coated by very thin layer of gold (20
nm) and is used as viewing screen and for imaging the emission pattern. For measuring
the angular current density, a faraday cup was connected to the back of the anode plate
behind the opening hole and connected to a picoammeter. Figure 8.10 shows schematic
diagram of the field emission assembly.
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Figure 8.7 Schematic diagram of the mounting plate showing the clearance hole through
its centre for electrical connection purpose.
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Figure 8.8 Schematic diagram of the emitter holder showing (a) the emitter mounting

ring (b) the axial and side view of the U shaped aluminum holder.
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Figure 8.9 Schematic diagram of the anode plate showing the 500 um aperture hole at
the centre of the plate for measuring the emission current from small spot through a

Faraday cup connected to the back of the anode plate.
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Figure 8.10 Schematic diagram of the field emission assembly.
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8.5.2 Field emission results

For measuring the field emission properties of ZnO nanowires grown on
tungsten emitters, initially, the emitter was mounted and adjusted to the center of the
mounting plate of the field emission set-up then installed in the Renta-Port system
(described in chapter 3 section 3.4.1). The system was then pumped down to 10°® mbar
and baked at 180°C for 24 hour to establish UHV conditions and same procedure has
been followed for all the measurements presented in this section.

Before testing the ZnO nanowires emitters, a high voltage test was necessary to
be carried out in which the emitter holder without any emitter being mounted was
gradually taken to 10 kV with respect to ground. This is for two purposes; firstly, to
make sure that these components could withstand the voltages to be applied. Secondly,
it was necessary in order to remove sharp objects or absorbed particles from these
components.

The first field emission data was collected from Tip-3 as shown in figure 8.4.
Figure 8.11 shows the |-V characteristics of the ZnO nanowires and the corresponding
F-N plot. Several scans were necessary for obtaining a reproducible |-V curve. The first
field emission pattern was observed on the screen at an applied voltage of 4 kV
corresponds to an emission current of 10 nA. This value is considered very high

compared of that reported by Dong et al**

. The high turn on voltage could be attributed
to the very high density growth and low aspect ratio of ZnO nanowires which results in
screening the electric field as well as a reduction in the local amplification of electric
field at the emitter apex. Then the emission current increased exponentially with
increasing the applied voltage flowing the Fowler-Nordhiem theory descriped in
equation (2.25) to reach its value of about 290 nA at threshold voltage of 5.5kV.

Figure 8.12 shows the most stable field emission pattern at the centre of the
fluorescent screen. The field emission pattern is believed to come from a
“bunch/cluster” of ZnO nanowires grown on the apex of the W tip. The circular feature
of the emission pattern indicates that the field emission comes from the ZnO nanowires
rather than the tungsten tip. As in the case of the tungsten emitter, the crystal facets of
the tungsten would be observed instead. Moreover, higher applied voltage is required
for obtaining field emission from the tungsten tip.

The field emission current stability of ZnO nanowires (Tip-3) was aso

investigated. Figure 8.13 shows the total screen emission current as a function of time
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for a period of 10 hours. A higly fluctuated emission current with a fluctuation of

107.7% was recorded and persisted for a period of 10 hours with an average of about 60
nA without any noticeable degradation. The field emission current stability from very
small spot (500 um) was also measured through a Faraday cup. An emission current
with an average of 1.5 nA with a fluctuation of 133.33% was recorded for a span of 14
hours. Both current emission measurements show very high instability in the emission

current of the ZnO nanowires under a moderate pressure of 1.1x 10° mbar.
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Figure 8.11 (a) Current-voltage (I-V) characteristic of of ZnO nanowires grown on the
ZnO film (200 nm) coated pre-fabricated micro tungsten emitters (Tip-3). (b) The
corresponding F-N plot.
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Figure 8.12 The field emission pattern of ZnO nanowires grown on the ZnO film (200

nm) coated pre-fabricated micro tungsten emitters (Tip-3). This field emission pattern
was obtained after several voltage ramps. (&) shows that the emission pattern starts as
one circular spot at the centre of the phosphor screen. (b) and (c) images show that the
emission pattern gets intense with increasing voltage and some other emission sites
were also appeared. (d) shows the emission pattern from different angle at the centre of

the phosphor screen facing the Faraday cup.
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Figure 8.13 The emission current stability profile of ZnO nanowires grown on the ZnO
film (200 nm) coated pre-fabricated micro tungsten emitters (Tip-3). (a) shows the total
screen current as a function of time. (b) shows the field emission current stability of

small spot (500 pum) measured by faraday cup through an opening hole at the centre of
the viewing screen.
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The second field emission experiment was carried out using Tip-4 as shown in figure
8.5. In this experiment, the applied voltage was gradually increased with steps of 50
volts per second. Unsurprisingly, severa field emission patterns start to occur on the
fluorescent screen at an applied voltage higher than 2 kV. This is because severa ZnO
nanowires grew on the tungsten tip’s apex in al inclinations. Although, several ZnO
nanowires started to emit at same applied voltage, a more intense field emission pattern
was observed at the centre of the fluorescent screen and it is believed to be from the
ZnO nanwires that grew along the tungsten tip’s axis, as they have more exposure to the
applied electric field than that grown not aligned to the tip’s axis. The typical field

emission patterns of ZnO nanowire Tip-4 is shown in figure 8.14.

After several scans, figure 8.15 shows the most stable and reproducible 1-V
curve. The emission current starts at voltage of about 2.448 kV and increased
exponentially to reach 290 nA at an applied voltage of about 3kV. The corresponding F-
N plot is shown in figure 8.15(b) and exhibits reasonable linearity.

The stability of the field emission current as a function of time is recorded for
both, the total screen emission current (lioa) and from a small spot of 500 um through a
Faraday cup at the centre of the screen. The measurement of the emission current
stability of the total screen emission current (loa) Was carried out at an applied voltage
of 3kV for aspan of 3 days. Figure 8.16 (a) shows the emission current stability of ZnO
nanwires grown on Tip-4 for the first 11 hours. The emission current started at 800 nA
and persisted for about an hour and then rapidly decreased to ~ 50% of its initial value
during the next two hours. The emission current continued its decrease steadily to be as
low as 200 nA after a period of 7 hours of continues operation. The degradation in the
emission current is believed to be due to the resistive heat. The extraction of high
emission current from ZnO nanowire heats or even melts the emitter which can degrade
the emission current. Another possible reason is that the deformation of the tip of the
ZnO nanowire that is induced by ion bombardment could diminish the field emission
performance of the emitter. The emission current stability over the next 50 hours is
shown in figure 8.16(b). An average of emission current of 150 nA was recorded with
fluctuation of about 133%.

The field emission stability of the field emission pattern at the centre of the
screen highlighted with the red arrow in figure 8.14(c) was aso measured using a

Faraday cup and shown in figure 8.17. An emission current with an average of 3.3 nA
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was recorded for a span of 16 hours with a fluctuation of 155% and after that, the

emission current decreased to be as low as ~ 0.5 nA in average with a fluctuation of
90% at this value. The high fluctuation in the first 16 hour is believed to be due to self
cleaning process.

The field emission stability measurements display very poor emission current
stability of ZnO nanowires (Tip-4) for a reliable electron source emitter. A plausible
explanation of the high instability is that the total emission current is a summation of
emissions from multiple emitters of ZnO nanowires emitting at the same time. These
ZnO nanwires are not identical in terms of their dimensional uniformity, tip radius,
separation distance and alignment to the tip’s apex which results in different emission

stabilities and hence the total emission current remains unstable.

Figure 8.14 The field emission pattern of ZnO nanowires grown on the ZnO film (200
nm) coated pre-fabricated micro tungsten emitters (Tip-4) as a function of applied
voltages. (a) shows several emission patterns at an applied voltage of 2.5 kV. (b) and
(c) images show that the emission patterns at 2.7 kV and 3 kV respectively. (d) shows
the emission patterns from different angle.
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Figure 8.15 (a) Current-voltage (1-V) characteristic of of ZnO nanowires grown on the
ZnO film (200 nm) coated pre-fabricated micro tungsten emitters (Tip-4). (b) The
corresponding F-N plot.
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Figure 8.16 The emission current stability profile of ZnO nanowires grown on the ZnO
film (200 nm) coated pre-fabricated micro tungsten emitters (Tip-4). (&) shows the total
emission current as a function of time for the first 11 hours of continues operation. (b)

shows the stability of total emission current for span of another 50 hours.
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Figure 8.17 The emission current stability profile of the field emission pattern at the
centre of the screen highlighted with the red arrow in figure 8.14(c). The emission

current stability was measured through a Faraday cup for a span of more than 24 hours.
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For the use of ZnO nanowires as electron source in electron microscopes, it is

necessary that beam originates from a single nanowire. This is because beams from
multiple nanowires will interfere and have different energies™ as well as different
source size(s). In the present experiment, field electron emission from a single ZnO
nanowire, identified by the red circle in figure 8.6(c) was achieved. Although the ZnO
nanowire was not aligned to tip axis, we were able to align it by tilting the emitter
mount ring to an angle of about 60 degree and adjusting the emitter to the centre by
moving the emitter holder in Y axis (seefigure 8.7).

For the determination of the field emission properties of ZnO nanowire, the
applied voltage was gradually increased and the emission current was recorded. Figure
8.18(a) shows the |-V characteristics of single ZnO nanowire. An emission current of ~
12 nA was recorded at an applied voltage of 2.1 kV and then the emission current
increased exponentially as the applied voltage increased to reach its maxmum value of
about 200 nA at an applied voltage of 3 kV. Figure 8.18(b) shows the corresponding F-
N plot for the data where electron emission occurs. The linear fitting indicates that field
emission process “tunneling” is dominant.

Single field emission pattern was observed on the fluorescent screen suggesting
that emission current from a single ZnO nanowire. Figure 8.19 shows the field emission
pattern of single ZnO nanowire as a function of applied voltages. The emission pattern
was getting intense with increasing the applied voltage. It is important to note that even
at an applied voltage of 3 kV, no other emission patterns were observed confirming that
the other ZnO nanwires are not contributing to the emission process. Thisis due to the
fact that the ZnO nanowire, identified by the red circle in figure 8.6(c), has a very large
aspect ratio and extends significantly higher than the neighboring nanowires.

Finaly, the emission current stability of single ZnO nanwire was also investigated.
Figure 8.20 shows the emission current as a function of time at fixed voltage of 3 kV
over a period of about 34 hours. The result shows that, the emission current is quite
unstable and consists of many spikes for the first 15 hours with a fluctuation of 175%.
Such fluctuation is believed to be due to self cleaning process. After the ZnO nanowire
cleans itself and most of the contaminants were removed, the emission current stability
dlightly improved and an average emission current of ~100 nA with a fluctuation of
135% was recorded for the next 19 hours with a lot less variations. A field emission
stability test of muti-walled carbon nanatube attached to a tungsten needle was carried

out by Mann et al*®. The stability measurement of the CNTs was carried out at an ultra
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high vacuum level (5x10"* mbar) and exhibited a very poor emission current stability

with a fluctuation of ~175%. It is noteworthy that the field emission experiments of
ZnO nanwire grown on tungsten tip were carried out at only high vacuum level of 5x10°
® mbar which is three orders of magnitude lower than that in the case of CNTs. This
confirms that the ZnO nanowire could be used as field emitter in harsh environments.
Howere, the present stability measurement suggests that much more work is required in
order to bring the ZnO nanowires for the practical operation as field emission electron
source. Next section will shed the light on the required emission current stability for
field emitter for electron microscopy and ways of how to improve the emission current
stability.
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Emission Current (nA)

Figure 8.18 (a) Current-voltage (I-V) characteristic of single ZnO nanowires grown on
the ZnO film (200 nm) coated pre-fabricated micro tungsten emitters (Tip-5). (b) The

Ln(v?)

250
L

I-V of ZnO NW (Tip-5) (a)

Exponential fit of I-V of ZnO NW (Tip-5)

200 +

-

o

<)
|

100

Threshold voltage=3000 volt
at 210 nA

Turn-on voltage=2100 volt

at12 nA \

LA SN B S S B B S S B S B R

LI B s

e e
500 1000 1500 2000 2500 3000

Applied Voltage (volt)

-10_5-_ (b)

-11.0 H

# FN Plot
Linear Fit of FN

0.00030

I ! I ! I ! I N 1

0.00035 0.00040 0.00045 0.00050 0.00055

1V

corresponding F-N plot.

PhD thesis

160

The University of York




CHAPTER-8

Figure 8.19 The field emission pattern of single ZnO nanowires grown on the ZnO film
(200 nm) coated pre-fabricated micro tungsten emitters (Tip-5) as a function of applied

voltages.
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Figure 8.20 The emission current stability profile of single ZnO nanwire grown on the
ZnO film (200 nm) coated pre-fabricated micro tungsten emitters (Tip-5) as a function
of time at fixed voltage of 3 kV over aperiod of about 34 hours.
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8.6 Requirment for emission current stability of cold field emitter for electron

micr oscopy

The ultimate performance of any electron optical system is dependent on the
quality of electron source (i.e. material properties and geometry). To acquire a decent
image, the emission current stability is one of the maor concerns among those

characteristics. An emission current stability of ~5%'%

Is required for a scanning
electron microscope equipped with conventional tungsten cold field emitters. However,
the cold field emitters exhibit high emission current fluctuation x10~x100 times worse
than the requirement. In the case of ZnO nanowires emitters grown on modified
tungsten tip, the fluctuation in their emission current was very high compared to the
required stability ranging between 90 to 175%. Severa causes for such fluctuation were
discussed throughout this thesis such as residual gases, different source sizes, ion
bombardment and contaminants absorbed on emitter surface, etc. Nevertheless, the
instability of the emission current has to be reduced to the required stability of less than
5% if the ZnO nanowire is to be practically utilised in electron microscopy application.
Several methods have been reported in the literature for improving the emission current
stability of cold field emitters. The use of high resistance feedback control has been
reported as a simple method for improving the emission current stability. Muray et al.
reported that emission current fluctuation was reduced from 20% to less than 1% with

resistive feedback control, where a conventional tungsten cold field emitter was used™®.

Another solution to stabilise emission current is to use external e ectric feedback
control circuit. This method was implemented successfully by El-Gomati group at the
University of York and the experimental results showed that the emission current
stability could be improved from 80% without the use of stabilizer to less than 1% with

the use of stabiliser circuit®®.

Although the ZnO nanowires have been successfully grown and their emission
behaviour has been experimentally studied, several issues such as emission current
stability and optimization of the structure need to be carried out in the future work for

reliable device performance.
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8.7 Conclusion

In summary, in this chapter, a novel fabrication method have been presented for
direct growth of ZnO nanowires on pre-fabricated micro tungsten emitters provided by
York Probe Sources (YPS) Ltd. Severa experiments have been performed to obtain
aligned ZnO nanorods on the pre-fabricated emitters. By detailed experiments it was
observed that the growth parameters such as temperature, the distance between the tip
and source material and reaction time have deep impact on the growth of ZnO
nanowires over pre-fabricated micro tungsten emitters. Moreover, it was observed that
by controlling the source material, temperature and reaction time, optimised ZnO
nanowires growth over micro tungsten emitters was obtained. The field emission
behavior of ZnO nanowires grown over micro tungsten emitters was experimentally
demonstrated. These preliminary results demonstrate that by ZnO nanowires grown

over micro tungsten emitters can be used as effective field emitter.
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CONCLUSIONS

The use of nanostructured materials for field emission device applications such
as field emission arrays as well as electron microscopy has continued to be in high
demand particularly, considering the current difficulties of using carbon nanotubes in
such applications. These difficulties are thought to be due to several factors which
indicate alack of understanding the CNTs material for such applications. These include:
fabrication difficulties, as well as inherent defects of CNTs such as emission instability.
The definite conclusion on utilising CNTs in FE is yet to come and it is still under
research even within the Electron Optics group at The University of York. However, it
was also observed that the field emission properties of ZnO nanomaterials are strongly-
dependent on both the properties (structural, optical, doping, compositions) and
geometry of the fabricated nanomaterias. Therefore, the motivation was to investigate
the ZnO nanomaterials but, to avoid disappointment, the three major factors behind the
delay in redizing the CNTs in FE were simultaneously investigated for ZnO
nanostructures.

The zinc oxide (ZnO) was chosen as it is perhaps the most promising material
among the metal oxide semiconductor family where extensive research has been carried
out on this material in the last few years. Some of the fascinating properties of ZnO are,
the wide direct band gap (3.37 eV at T = 300K), high exciton binding energy (60 meV
a T = 300K), high optical gain of 300 cm™ (100 cm™ for GaN), biocompatibility,
piezoelectricity to name but few. Despite the fact that its use in field emission
applications has not yet been realized, ZnO has recently been used for a variety of high-
technological applications due to these various properties.

In spite of the intrinsic material properties, some questions of how to transform
the ZnO to a practical FE device are addressed in this thesis. In order to fabricate ZnO
emitters, the two typical fundamental challenges to be encountered by any growth
mechanisms were addressed, i.e. the growth parameters and choosing the appropriate
substrate. In this regard, detailed experimentations work were carried out in chapters 4,
5, 6, 7 and 8 to investigate various factors that significantly affect the morphologies and
properties of ZnO nanomaterials such as synthesis techniques as well as reaction

parameters such as temperature, and annealing. Despite the fact that most of these
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parameters have been examined in the literature, it was imperative to do so here to fully
understand the growth process and establish the final fabrication conditions that will

lead to the development of ZnO as an electron source emitter. The experimental
research in these chapters was divided into two main directions, growth and
instantaneous characterisation for morphologies, structural and optical properties and
the characterisation results are confirmed by FE study at the end of each chapter.

In chapter 4, nanocrystalline thin ZnO nanosheets interconnect were grown on
zinc foils by facile hydrothermal process at |ow-temperature. The annealing impact on
the morphological integrity of the nanosheets was also examined and finally a plausible
mechanism based on the crystallographic properties of ZnO has been proposed and the
results obtained had been published. The field emission properties of the as synthesized
nano-crystalline thin ZnO nanosheets were aso investigated and it was found that apart
from few spikes the emission current stability was highly improved after an initial self-
cleaning process took place which resulted in an emission current stability of ~40% for
emission current of 44 nA which persisted for about 9.5 hours under pressure of 3x10°®
mbar at fixed applied voltage of 4.6 kV.

Chapter 5 investigated the appropriate growth substrate in which, a systematic
study of well-crystalline and aligned ZnO nanorods grown on a flat titanium substrate
without using any metal catalysts or additives via simple thermal evaporation process.
The as-grown nanorods exhibit hexagonal surfaces and shows good structural and
optical properties. The field emission properties of ZnO nanorods were also investigated
at various pressure regimes (5x10° mbar, 5x10 ‘mbar and 5x10°® mbar). It has been
found that, with increasing the pressure, the turn-on-voltage shifted to higher values
from 2.55 kV at 5x10°® mbar to ~3 kV at 5x10" mbar, and went further up to 3.5 kV at
5x10°® mbar. Moreover, the field emission current decreases as pressure increases. The
detailed discussion of this phenomenon is described in section (5.3.4.1). The field
emission stability were also investigated under vacuum condition of 5x10°® mbar, the
ZnO nanorods exhibited reasonable emission current stability of an average of emission
current of about 100 nA which outstandingly persisted for about 7 hours without any
tendency of gradual decrease under a constant applied voltage of 2.7 kV. Low emission
current stability suppressed to large extent the use of cold field emission form being

utilized in many applications.
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Once the growth process was established and the field emission characteristics

were examined, the field emission properties of ZnO nanostructures were found to be
enhanced by doping. These results are given in chapters 6 and 7.

It was also found that Ga-doping has significant effect on the morphology as
well as the electrical properties and thus the field emission properties of the ZnO nano
emitters. Ga-doped ZnO nanomaterials prepared by a thermal evaporation process and
characterized in details in terms of their morphological, structural, optical and field
emission properties in chapter 6. The effect of gallium ion concentrations on the Ga-
doped ZnO nanostructures has been investigated by varying the concentration of Ga,
from 0.5% to 2%. It was found that, these variations led to different morphologies, i.e.
nanoneedles and multipod structures. This means that by controlling the concentration
of Ga, the morphologies of Ga-doped ZnO nanomaterials can be controlled for specific
applications.

With regard to the field emission performance of the Gadoped ZnO
nanostructures; it was found that field emission performance of the Ga-doped ZnO
nanoneedles enhanced significantly compared with the undoped ZnO nanorods with flat
end. This is attributed to the combined effect of the sharp tip morphology and doping
effect. The detailed explanation regarding the role of the tip morphology and the doping
effect can be found in section (6.3.3.1). Moreover, the Ga doped ZnO nanoneedles
exhibited stable emission current with fluctuation of 22% at an average emission current
of 90 nA for a continuous operation of about 9.5 hours at fixed voltage of 1.7kV.

It was also found that, the Ga-doped ZnO multipods structures exhibited
nonlinearity in the FN plot. This is attributed to the non-uniform field enhancement
factors (f) in the sample.

In chapter 7 Indium-doped ZnO (In-doped ZnO) nanopencils were grown on
silicon substrate by simple thermal evaporation process using metallic Indium and zinc
powders in the presence of oxygen. The fabricated nanopencils were examined in terms
of their morphological, structural and optical properties which revealed well-
crystallinity, the possession of wurtzite hexagonal phase and good optical properties.
Regarding the field emission properties investigation, the nanopencils also exhibited a
very low turn-on voltage of 1.3 kV and their emission current steadily decreased to be
about 40% of the initial value after 3 hours of operation. Overall, the field emission
results show that the In doped ZnO nanopencils emitters can be very efficient candidate

in applications such as flat panel displays and high brightness el ectron sources.
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Finally in chapter 8, a novel FE electron source emitter(s) is successfully

fabricated by growing ZnO nanowires on standard tungsten emitter. To the best of the
author knowledge, thisisthe first report for the systematic growth of ZnO nanowires on
tungsten emitters using thermal evaporation process without the use of any catalysis.
The FE properties from these emitters were aso investigated and the preliminary results
obtained are very promising, however, more experiments are needed especialy to
enhance of the emission current stability before its use in either the field emission

display or electron microscopy.
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SUGGESTIONS AND FUTURE DIRECTIONS

Over the last several decades, electron sources have been employed for a
wide range of technologies such as displays, imaging equipment,
telecommunications etc. Due to increased demands of electron sources for possible
applications in flat-panel displays, microwave amplifiers, X-ray tubes,
nanolithography, etc, recently there has been extensive research on this topic. For
this, varieties of new materials are being tested in which carbon nanotubes are
extensively studied due to their good conductivity, chemica stability, and cost-
effective fabrication. Recently, the oxide nanomaterials are considered as one of the
important field emission materials due to their better stability at high-temperature in
an oxygen environment and better controllable electronic properties.

As ZnO is one of the most important materials in the metal oxide family,
exploration of this material for the FE properties is one of the most important
research areas. In the work presented in this thesis, a variety of ZnO based
nanomaterials have been synthesized. A utilization of ZnO based nanomaterials for
the field emission devices applications have aso been tackled in this thesis. The
future directions to utilize ZnO based nanomaterials for field emission device
applications are seemingly boundless, but will obviously are driven by demand for
the successful achievement of devices.

However, an extensive work is still needed to fully explore this material and
here, some future research works have been proposed in terms of growth and field

emission applications.

10.1 Growth of ZnO nanomaterials

There are severa issues which we will focus upon in the future research
regarding the growth of ZnO nanomaterials. A few important aims regarding the
growth of ZnO nanomaterials are mentioned below:

- Growth of highly aligned ZnO nanomaterials on various conductive substrates for
field emission device applications.
- Direct growth of single ZnO nanowire on the pre-fabricated micro-emitters is still

aremaining challenge. Thereis still alot of work to be conducted for optimizations
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and fine-tuning of the growth conditions of the ZnO nanowires that is already
established in order to fabricate single nanowire that is aligned to the tip axis.

- Systematic studies on the effects of doping on the growth and properties of ZnO
nanomaterials are needed to be carried out in the future. In this regard, various
dopants and their numerous concentrations will be used for the growth of
nanomaterials.

10.2 Field emission properties of ZnO nanomaterials

Various field emission parameters will be studied for the grown ZnO
nanomaterials.
- Growth of fewer/single ZnO nanowire on the pre-fabricated tips and directly use
them as efficient emitters.
- Itisagreat concern as to how to align the grown emitter in the microscope (on the
optical axis) and some work on this direction is needed as well.
- To examine the effect of pressure on the field emission properties of ZnO
nanomaterials.
- To built up an external feedback circuit in order to establish a stable emission
current from ZnO nanowire.
- To examine the electron optical measurements, such as, energy spread, source size,
brightness, work function, etc.
- Try to utilize the grown ZnO nanomaterials on specific substrates for simple
device applications such as scanning electron microscopy (SEM) or FE based

Sensor.

10.3 Theoretical studies

We have studied experimentally the behavior of the ZnO nanowires as field
emitters; however, theoretical work needs to be carried out in future work.
- Theoretical studies need to be carried out to see the effect of dopant on the
structural, optical and electrical properties of ZnO nanomaterials.
- To simulate electron trajectories with a number of emitters on a W tip but with
different orientation to guide the growth. The SIMION electron-ion trajectory
package can be used for this goal.
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