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ABSTRACT

In this work, ion implantation was selected for its ability to induce lattice defects and
imperfections thus modifying the properties of ZnO NRs. ZnO NRs were grown through the
chemical bath deposition method and implanted with Ag*and C* ions. lon implantation was
carried out at room temperature at 50 KeV energy and various ion fluences from 1.0x10*° to
3.0x10%%ions/cm?. Average penetration depths of 17.4 and 97.9 nm were estimated for Ag* and
C" ions, respectively, using the stopping and range of ions in matter (SRIM) program. X-ray
diffraction analysis revealed the hexagonal wurtzite structure of ZnO, with a preferential
stacking along the c-axis. A variation of calculated microstructural parameters denoted the
presence and effect of the implanted ions. Furthermore, Raman analysis results showed distinct
features on phonon modes, which were strongly dependent on the ion species and the fluence
of the implanted ions. These observed disparities signalled the presence of distortions and

possible accumulation of defects as induced by ion implantation.

The UV/Vis/NIR spectroscope was used to measure the absorbance and transmittance of the
samples. A shift of the absorption edges towards longer wavelengths was observed, implying
a consequential decrease of the bandgap. The diminution of the optical band gap of implanted
ZnO was ascribed to imperfect lattice and isolated impurity bands between the conduction and
valence bands. In addition to the increased absorption of the visible light, a decreased band gap
also enables quick photoexcitation of electrons, hence resulting in an increase in charge
generation. These results highlight an effective strategy of extending the absorption of visible
light through creating a disturbance of the structural periodicity. Such modified ZnO nanorods
are efficient for the utilization of the abundant solar energy for photocatalytic environmental

remediation and energy conversion applications.
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CHAPTER 1: INTRODUCTION

1.1 Overview

Over the years, Africa has been known to grasp on its discoveries of fossil fuels such as gas,
coal and crude oil for energy supply. However, over-exploitation of already dwindling fossil
fuel reserves, pollution and adverse environmental effects that arise from these activities, such
as global warming constitute global concerns. Due to economic and limited performance
benefits of primeval technologies, there is bourgeoning emphasis on exploring alternative
solutions to address the escalating industrial expansion and societal lifestyle demands. The
development of new innovations or technologies to modify the already existing materials
should be done to ensure performance improvements. Over centuries, there has been extensive
research interest on semiconductor technology [1-4]. This growing interest is attributed to the
outstanding properties and functionalities of these materials. Semiconductors have been
considered for numerous applications in the fields of energy harnessing, environmental
(remediation, health and mining sectors) as well as fabrication of functional optical devices [1,
5-11]. However, a number of discrepancies and reliability limitations for commercial
applications have been well documented [12]. One of them is the issue of instability, as quite
a number of semiconductors have been reported to suffer from corrosion when exposed to
photons [13]. Other than photo corrosion and issues of instability, detriments in semiconductor
technology are mostly due to low photon absorption and high recombination effects [14]. The
ability to tune/tailor the properties of semiconductors in order to enhance their performance
has immensely contributed to their evolving implementation in the design of optoelectronic

devices.

1.2 Motivation of the study

Among the wide range of known semiconductors, zinc oxide (ZnO) is one of the most
attractive, significant and preferred materials due to several properties. Other than its wide band
gap energy, which ranges between 3.3 to 3.4 eV, ZnO is mostly considered due to its
abundancy, cost efficiency and non-toxicity [4, 8, 15]. Publications related to light harvesting

and photoactivated applications of ZnO including degradation of toxins such as dyes,



pesticides, antibiotics, microbial photoinactivation and light to chemical energy conversion
have hastily increased over the past two decades [16]. Augmented efficiencies are noted from
the use of ZnO compared to the other semiconductors such as Titanium dioxide (TiO2) [5],
gallium compounds (e.g GaN) [17, 18] and indium compounds (e.g In2O3z, InN) [19, 20]. ZnO’s
wideband gap of about 3.3 eV, makes it impractical for applications that involve visible light
absorption [21]. Research is thus being focused on the modification of ZnO for solar light

absorption, without limiting its other properties.

In recent years, there has been substantial research interest in controlled fabrication of ZnO
nanoarchitectures of various dimensionalities [2, 22, 23]. The aspect of size and shape
dependent properties is accentuated and pre-eminent. Nanostructured one dimensional (1D)
semiconducting metal oxides such as nanoneedles, nanorods, nanowires, etc are a novel class
of optically active materials, depicting enormous prospect for photocatalytic applications. ZnO
nanorods (NRs) have been found to offer unique outstanding performance in energy conversion
applications and fabrication of electronic devices, due to their stability and their large
geometrical aspect ratio. Fabricating nanorods reduces segregation and improves crystalline
quality and electron mobility thus making them better nanostructures for use in solar cells,
micro lasers, optoelectronics and nonlinear optics [23, 24]. For the abovementioned reasons
and others discussed in the later chapters, this thesis is devoted to the fabrication and
modification of ZnO NRs films. Thin films have been found to be easy to subject to vigorous
modification techniques as compared with bulk material [25, 26]. The co-implantation of light

and heavy ions in ZnO NRs is rarely reported in literature.

1.3 Statement of the problem

Conventional diffusion doping has been utilized for introducing impurity elements (referred to
as dopants) into the lattice of a target material. The main drawback with this is the challenge
of random distribution of the dopants, thus difficulty in controlling their depth or location
within the semiconducting metal oxide (SMO) system [27]. Tsuzuk et al [14] have fully
elaborated the drawbacks of conventional diffusion doping and strongly emphasized the need
to use a dopant with the same ionic radius or valence number as that of the host semiconductor,
the lack of such compatibility may lead to the creation of recombination sites. The efficacy

of the injected metal ions as dopants in SMO systems depends on whether they mediate for
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separation of the photogenerated charges or facilitate the recombination of these charges [27].
Inconsistent results have been established on the effect of various metal ion dopants. Previous
studies have reported the adoption of ion implantation for fabrication of functional devices as
well as to modify the physical, chemical and related properties of functional materials including
polymers and semiconductors [3, 6, 28]. This method provides a degree of control over ion
concentration and depth distribution in the host matrix within the selectable energy and fluence

of the implantation.

Various elements including metal and non-metals have been embedded in various metal oxides
through the ion implantation technique to modify their physicochemical responses [6, 29].
Silver (Ag) is recognised for its remarkable optical property due to its increased efficiency of
interaction with incident photons, which is attributed to the ability of noble metals to depict a
strong selective localized surface plasmonic resonance (LSPR) effect, thus their ability to have
a significant absorption in the visible and near infrared region [26, 30]. Henceforth, the
existence of plasmon-active nanostructures on SMOs offers new optical properties. In coupling
metal oxides with Ag®, Fermi level equilibration occurs. At the junction of a metal and a
semiconductor, there is a formation of an electrostatic layer known as a Schottky barrier. This
barrier is effective for electron trapping thus restricting the flow back of electrons to the surface
of metal oxides, hence reducing charge recombination [9]. Furthermore, the Schottky barrier
enhances the formation of the reactive oxygen species (ROS) which thus promotes catalytic
reactions. The possibility of synergic combination of the unique properties of the ZnO NRs
target structure and the plasmonic response of noble-metal nanoparticles of Ag and C will
enable the development of new approach for effective utilization of solar irradiation.
Implantation of Ag* and C* ions into ZnO NRs can be optimized and diversified for various
visible-light-induced applications. Parameters such as the ion fluence, implantation energy, pre
and post implantation treatments as well as the type of ion species used can produce different
effects on the crystal structure of a semiconductor and subsequently influence its optical
properties. Currently, the utilization of low energy ions for both structural and optical
modifications of ZnO nanorods, and their effect with respect to different implantation
parameters have not been studied. Research on various parameters is necessary in order to

establish optimum conditions.



1.4 Research objectives

The main aim of this work was to fabricate ZnO NRs and investigate the effects of Ag* and C*
ion implantation on the optical response property of ZnO in the visible light region. Various
parameters were investigated, including the ion mass through single implantation of silver (Ag)
and carbon (C) as well as co-implanting the two species. The effect of ion fluence, was also

studied for the ion species used.

To accomplish the overall goal of the study, the work has been grouped according to the

following objectives;

1. To study the effect of Ag* ion implantation on the structural, morphological and optical

properties of the ZnO nanorods.

2. Toanalyse the effect of C* ion implantation on the structural, morphological and optical
properties of the ZnO nanorods.

3. To examine the effect of C* and Ag® ion co-implantation on the structural,

morphological and optical properties of the ZnO nanorods.



1.5 Thesis outline

Chapter 1 is a brief introduction discussing the problem statement and the motivation of this

research work. The research objectives are also stated in this chapter.

Chapter 2 presents a review on the basic properties of ZnO, its structure as well as applications.

Moreover, different fabrication routes for ZnO NRs are discussed.

Chapter 3 gives an in-depth step by step description of the synthesis methods for sample
preparation, and characterisation techniques used in this study. Details on the theories and
principles for certain characterisation techniques are also discussed. Diverse methods and

models employed to calculate structural and optical parameters are outlined.

Chapter 4 of this thesis is a detailed background, theory and physics on the subject of ion
implantation, explaining the mechanisms and dynamics of ion-solid interaction, stopping
power mechanisms and the resultant distortion and defects on the host lattice structure. Details
and parameters regarding the stopping and range of ions in matter (SRIM) computing software
are also discussed.

Chapters 5-8, the experimentally obtained results are analysed and further expanded. The
effects of implanted ion species at varying fluence are discussed with relative to the impact on
the structural, morphological and optical properties of ZnO NRs.

Chapter 9 gives the summary and recommendations for future work.

Appendix A shows RBS spectra measurements for Ag*, C* and Ag*-C* co implanted ZnO NR

films.

Appendix B presents photographs of the different instruments used in the experiments.



CHAPTER 2: LITERATURE REVIEW

2.1 Overview

Zinc oxide is a group 11-VI semiconductor, with a chemical formula ZnO. It exhibits three types
of crystal structures, which are determined by the tetrahedrally coordinated bonding geometry.
The arrangement of zinc (Zn) and oxygen (O) sublattices results in formation of either the cubic
zinc-blende, a hexagonal wurtzite or rock salt crystal structures, depending on the assembling
sequence of the bi-layers. These crystal structures of ZnO are shown in Figure 2.1. The wurtzite
structure is the most common, as it is thermodynamically stable under ambient conditions [31,
32]. The wurtzite structure belongs to the P63mc space group. The asymmetrical nature of the
hexagonal wurtzite and its enormous electromechanical coupling are responsible for the

reported powerful pyroelectric and piezoelectric properties of ZnO [33].

Rocksalt Zinc blende Waurtzite
(a) (b) (c)

Figure 2.1: Different crystal structures for the ZnO polymorphs [34].

Since the emergence of heterogeneous catalysis, ZnO has been extensively employed for vast
multifunctional photocatalytic applications including photocatalytic hydrogen production
through water splitting [35, 36], environmental remediation [37, 38], and fuel generation from
COz reduction [39, 40]. The versatility of ZnO has been attributed to its abundance, non-toxic,
inexpensiveness, as well as its diverse structural, electronic, and optical properties. Some of

these basic properties of ZnO are summarised in Table 2.1.



Table 2.1: Summary of basic properties of ZnO [41-48].

Property Value
Lattice parameter ap=bp 0.3248-0.3250 nm
Lattice parameter cp 0.5204-0.5208 nm
Density 5.605 g/cm?®

Refractive index
Optical band gap
Binding energy
Conductivity
Melting point
Boiling point
Solubility in water
Hardness

Specific gravity
Hole effective mass
Electron effective mass
Hole mobility

Electron mobility

2.0041, 2.008

3.3-3.4 eV, direct

60 MeV

0.6

1975 °C
2360 °C
0.0004%

~5 Gpa
5.5/5.7

0.59

0.24

5-50 cm?/Vs

200 cm?/V/s



2.2 Nanostructured ZnO

A comparison of nanomaterials with their bulk-sized counterparts, have demonstrated distinct
properties owing to their dimensions. Continuous effort has been devoted towards modifying
pre-existing technologies and building reconfigurable architectures for improved
functionalities. Controlled synthesis of materials is important for the development of novel
materials. The manipulation of the physio-chemical properties of materials, for instance, size,
shape, surface area and crystal structure, is fundamental for discovering their potential as
building blocks for design of functional devices. In their nano-dimensionalities, semiconductor
properties are influenced by quantum-confinement effects [49]. Progress in synthesis of multi-
dimensional, surface facet-selective ZnO nanostructures, for numerous applications in the
health sector, energy harnessing, environmental remediation, as well as fabrication of
functional devices is well recognised [50, 51]. Figure 2.2 shows diverse shapes of ZnO
nanostructures such as nanocubes, nanoribbons and nanowires. Their vast applications are
influenced by exceptional properties, including thermal stability, chemical stability,

environmental benignity, large exciton energy and high electron mobility.

Figure 2.2: ZnO nanostructures of various morphologies [52].



One-dimensional (1D) semiconductor nanostructures are beneficial for various applications.
This is accredited to their notable aspect ratio, high surface to volume ratio and their aptitude
to necessitate effective electron transition [53]. ZnO nanorods have augmented properties and
performance due to their stability, crystallinity, high surface area and improved electron
transport. To emphasise the significance of nanostructure geometry, a study by Jaafar et al [54]
compared two ZnO-based memory devices which were constructed using the same technique,
with identical integral materials and electrodes. However, one device had ZnO nanorods,
aligned vertically and the other had ZnO nanoparticles randomly dispersed, which were
individually implanted inside a poly-methyl methacrylate (PMMA) material and inserted
between two gold electrodes in a crossbar device arrangement. The disparities in the observed
conduction and switching properties was attributed to the different nanostructure ZnO
geometry. The switching in the nanoparticle device was associated with charge trapping and
the formation of a space-charge field attributed to the distribution of the nanoparticles in the
PMMA material whereas the switching of the nanorod device was attributed to the migration
of the oxygen vacancies in an interfacial barrier region located at the end of these ZnO
nanorods. A discrepancy has been reported regarding the properties of nanorods and
nanoparticles, including optical, magnetic, catalytic and plasmonic properties, which are more

enhanced to nanorods compared to nanoparticles [55-57].

2.3 Review on current research on synthesis and applications of ZnO nanorods

2.3.1 Synthesis of ZnO NRs

Due to the excellent properties exhibited by ZnO nanorods and potential applications, scientists
have been prompted to develop various routes for synthesizing them. Elongated 1D ZnO
nanorods have been investigated in photoactivated reactions including degradation of toxins
such as dyes, pesticides, antibiotics, microbial photo-inactivation and light to chemical energy
conversion [58-62]. While ZnO has a high electron mobility, the 1D nanorods enhances the
electron mobility [24, 63]. Several techniques for the growth of ZnO nanorods are primarily
categorised as either vapor-phase or solution-phase synthesis. The synthesis of such
nanostructures is often done as either free standing in aqueous solutions (powders) or on
flexible organic and inorganic substrates. The use of substrates in ZnO growth allows easy
control of the direction of growth, for example the growth of vertically aligned ZnO nanorods.
It also allows the simultaneous manipulation of the surface, interfacial, charge transport, and

transfer properties of the nanorods, thus offering new opportunities to accomplish multi-
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functionality for numerous applications. The next subsections are a discussion of existing

methods that have been used for the growth of ZnO NRs thin films on glass substrates.

2.3.1.1 Vapor- phase synthesis

The vapor-phase synthesis involves the formation of vapor species through evaporation,
chemical reduction, and gaseous reaction. The evaporated vapor is gradually condensed onto
the surface of the substrate, stacking up to form a specific morphology. The disadvantage of
this method emanates from the use of relatively high temperatures of about 500°C to 1500°C
to generate the vapor. This technique also has a possibility of formation of intermediates, thus
giving rise to unwanted impurities. Usually, the vapor phase method requires the use of a
catalytic agent. Some of the methods that fall under the vapor phase category includes vapor
liquid solid (VLS), chemical vapor deposition (CVD), vapor transport deposition (VTD),
molecular beam epitaxy (MBE), metal organic chemical vapor deposition (MOCVD), physical
vapor deposition (PVD), pulsed laser deposition (PLD), atomic layer deposition (ALD), and
metal organic vapor phase epitaxy (MOVPE) [64-66].

2.3.1.2 Solution-phase synthesis

The solution phase-based synthesis routes have also been employed for growth of ZnO
nanorods on substrates [67, 68]. Some of their advantages include their merit of simplicity, low
temperature needed, scalability, and low cost. The relatively low temperatures permit use of a
wide range of substrates including inorganic and organic substrates. Some of the mostly used
solution-phase fabrication methods are the hydrothermal, chemical bath deposition (CBD), wet
chemical precipitation, electrochemical deposition and the spray pyrolysis method [15, 69, 70].
Among other solution-phase routes, the CBD method offers a combination of cost-
effectiveness, environmental benignity and equipment simplicity as compared to other
methods. Furthermore, the CBD method offers the capability to generate high-density ZnO
nanorods arrays of high crystal quality [71, 72]. The use of a nucleation surface for the chemical
bath deposition results in a heterogeneous formation of ZnO NRs. Usually, a ZnO
polycrystalline seed layer is used for this purpose. A seed layered substrate assists in
construction of well- aligned and quality ZnO NRs. Techniques such as spray pyrolysis, dip
coating, spin coating have been employed for the synthesis of seed layers on flexible substrates.
As an optimisation attempt, the connection of the characteristics of the seed layer and the
growth of ZnO NRs has been reported [73- 76].
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The growth kinetics of ZnO NRs are highly dependent upon growth parameters, which can
instantly be controlled thus easily manipulating the properties of the grown ZnO nanorod film.
Previous studies have reported the influence of different parameters such as the growth
temperature, duration of deposition, precursor type, precursor concentration, and pH of the
precursor solutions on the uniformity, shape, growth direction, aspect ratio (length and

diameter), and subsequent structure and optical properties of the grown ZnO NRs [76-81].

2.3.2 Applications of ZnO NRs

Owing to their exceptional structural, optical and piezoelectric properties, ZnO NRs are
unremittingly being used in numerous applications from detection, photonics, field emission
and in fabrication of functional devices [56, 60, 69, 76, 82]. As already mentioned, a very
interesting recent direction in nanotechnology research is the use of ZnO NRs in light trapping
related applications. The wide band gap of ZnO enables absorption of mostly the UV region of
the electromagnetic spectrum. Literature reports on photoinduced applications of ZnO
nanorods for degradation of pesticides, dyes, pharmaceuticals, as well as energy conversion
[37, 83]. Due to a great potential of providing a direct transport pathway for photoexcited and
effective light- harvesting efficiency, various endevors has been made to utilize ZnO nanorods
in solar energy absorption. These include the fabrication of photoelectrochemical solar cells,

dye-sensitized semiconductor single-crystal (DSCC) photoelectrodes, etc [52, 59, 74].

2.3.3 Modification of ZnO NRs

Considerable advancement towards enhanced efficacy and optimal performance of SMOs is
attained through the implementation of numerous modification techniques. Doping with both
metals and non-metals, combining with other SMOs, using dyes for sensitization, use of
sacrificial agents, composites, polymer immobilization etc [51, 84-88] are often done to tune
the electronic and optical properties of ZnO, hence achieving improved photoactivities. The
dispersion of ZnO NRs on polymeric materials (e.g., cellulose), large surface area materials
(e.g., graphene, activated carbon, carbon nanotubes) increases the specific surface area and
number of active sites for photon absorption [89]. Doping with heterogeneous composites
enhanced photoactivities by improving charge separation. However, some of these techniques
have compromised the structure and other properties of ZnO nanorods.
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Doping of SMOs encompasses incorporation of a slight proportion of impurities known as
dopants, exclusively for modifying specific identified properties, without creating new phases
or structures. Studies have revealed that the inclusion of dopants results in the disparity of
properties and functionality of semiconducting metal oxides [14, 59, 90, 91]. Either wet
chemical or ion beam assisted methods are often used for the doping process. Even though wet
chemical conventional diffusion doping has been the most utilized method for inclusion of
impurity elements to the host lattice, several detriments are reported. Diffusion doping often
results in agglomeration of dopant elements on the surface of the SMOs, the agglomerates thus
act as recombination centres [92]. Furthermore, issues of unpremeditated dispersal of the
dopants within the SMO system are reported [93, 94]. The effect of doping is inspected through
use of a wide-range of synthesis methods, various characterization techniques as well as
analysis of these doped metal oxides for numerous applications. It was recently reported that
inclusion of Mn?* ions into ZnO decreased the crystallite size [95]. A blue shift in the optical
bandgap and suppressed generation of reactive oxygen species (ROS) were observed, thus
leading to reduced photocatalytic activity. Similar findings have been reported by Lesnik et al
[96] and Tsuzuki et al [97]. Another study by Ullah et al [38] exhibited opposing results, as
they noted augmented photocatalytic efficiency upon Mn doping. These inconsistent reports

on dopants effect are thus associated to the location of dopants within the host lattice.

2.4 lon beam induced effects for the modification of the properties of ZnO NRs

lon beam technology is adopted as a technique to meet the challenges in the development of
the semiconductor industry and usually categorised as either plasma immersion ion
implantation (P1I1), focused ion beams (FIBs), swift heavy ion irradiation (SHI), low and
medium energy ion implantation. lon implantation offers an opportunity to inject a controlled
quantity of impurities at a precise depth within a semiconductor. This method does not rely on
the solubility and diffusivity of the dopants [98]. It involves the injection of energetic dopant
ions (E >1000 eV) on the host target. It has also been used for the fabrication of state-of-the-
art semiconductors, as well as to modify existing properties of materials such as polymers,
insulators, semiconductors, metals etc. Selective doping of the host with the element of interest
via ion implantation eliminates the possibility of cross contamination and unintended
impurities. The desired ion species are accelerated in an electrical field and implanted into the

surface layer of the substrate to a depth of several micrometres. Controlling factors such as
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dose, dopant depth and area localization during ion implantation method leads to precise
doping [99].

Additionally, a series of parameters such as the type of ions, ion fluence, energy and/or post-
implantation treatment does influence the degree of surface modification. The use of ion beam
technology over the conventional diffusion doping for the modification of properties of SMOs
enables selective enhancement of surface properties. This means that the bulk properties of the
material can be left unchanged. Additionally, ion implantation allows the omnidirectional
processing capability to tailor the surface properties of a material by introducing a myriad of
diverse elements. Rare earth metals and transition metals, have been doped into semiconductors
through the ion implantation method [100]. Besides metallic dopants, non-metals such as
hydrogen, nitrogen, phosphorus and carbon have also been implanted onto the semiconductor
lattice. Regardless of the advantages and evolving use of the ion implantation technique, few
studies on the use of energetic ions to improve the properties of ZnO NRs have been reported.
Park et al [101] have implanted nitrogen ions with energy of 120 KeV at two different beam
fluences of 1 x 10'® and 1 x 10 particles/cm? Results from their work indicated local
structural damage and reduced crystallinity of the ZnO NRs upon nitrogen implantation.
However, the damage was influenced by the ion beam fluence. Nitrogen ions of flux of 1 x
10'7 particles/cm? were noted to cause shape deformation of the nanorods as they melted and
produced tube-shaped nanostructures.

The effects of nitrogen ions on ZnO NRs have also been discussed by Wang et al [102].
Contradictory to the report by Park et al [101], the assimilation of the nitrogen ions at low
energy of 30 KeV did not alter the morphology of the ZnO NRs. However, a red shift of the
optical absorption edges towards longer wavelengths was noted. Additionally, the gradient N
dopant distribution resulted in a terraced band structure and a built-in electric field. This
phenomenon contributes to the enhanced separation efficiency of photogenerated electron-hole
pairs in ZnO, as visible light PEC experiments showed higher efficiencies for N- implanted
ZnO NRs. On the other hand, Cai et al [62] successfully implanted W®* ions of varying fluences
of 2.5x10%, 1x10%, and 5x10% ions/cm?, into ZnO nanorods without destroying the 1D
nanostructure. The implanted films were then annealed at 500 °C for 2 hours. Structural
analysis via XRD and Raman techniques revealed that the induced lattice disorder was
dependent on the fluence of the W®* ions. The optical analysis of the 50 KeV W®* implanted
ZnO displayed a gradual change in the position of the absorption cut-off edge. They explained
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that the redshift was caused by the implanted W®* ions, creating new impurity levels in the
forbidden band of ZnO and thus resulting in reduction of the band gap of ZnO. It was also
shown that the W® implanted ZnO NRs exhibited significant visible-light
photoelectrochemical water-splitting performances. The photocurrent density of the implanted

samples was noted to have increased by over 700 % as compared to the pristine ZnO NRs.

Transition metals are known for their extended visible light absorption, associated with the
surface plasmon resonance (SPR) effect [103]. Mackova et al [104] studied the distribution of
Au ions and the induced damage in ZnO of various orientations. ZnO was implanted using 1
MeV Au*, at fluence of 1.5 x 10 jons/cm?. The implanted samples were then annealed at 600
°C, at ambient atmosphere for an hour, followed by irradiating 10 MeV O*" ions at fluence of
5x10% ions/cm?. Intensive analysis showed that Au* induced disorder in the O sublattice. No
additional strain was observed. However, following irradiation with O3, structural
modifications such as compressive deformation and vertical strain were noted to be more

enhanced, compared to those which were only implanted with Au® ions.

The distribution of cobalt ions (Co* and Co?") in vertically aligned ZnO NRs has been
investigated by Park et al [105]. The fluence of the implanted cobalt ions were 1 x 10** and 1
x 10 ions/cm?, at energies of 50 and 100 KeV, respectively, with subsequent post implantation
annealing at varying temperatures from 400-650 °C. The distribution of Co ions in ZnO NRs
were found to be independent of the implantation energies and it was further observed that
these ions primarily substituted the Zn sites. A systematic investigation by Wang et al [92]
reported the effect of Cu?* ions on the physicochemical and photoelectrochemical (PEC)
properties of ZnO NR photoanodes. The study reports extended optical absorption edges of
implanted ZnO NR arrays and an increase in the carrier density which resulted in significant

water splitting activity under visible light irradiation.

Besides introducing impurities, the migration and distribution of the dopant ions through the
host lattice generates strains, dislocations, structural transitions and defects which influence
properties of SMOs. Inherent defects, such as interstitials, vacancies and anti-sites have been
reported to impinge the geometric structures due to atomic rearrangement, thus altering the
structural properties of ZnO [106]. The type and magnitude of formed defects are observed to
be strongly influenced by the nature and fluence of the implanted ion species. The impact of

the ions on defect evolution, accumulation and formation of defects complexes are found in
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literature [107]. Azarov et al [108] reported a strong dependence of the defect’s formation on
ZnO due to implantation of various ion species. Self-ions, light ions, medium mass and heavy
ions were implanted on ZnO NRs and a disparity in the defect accumulation was observed.
Actually, heavy implants were noted to display a discrete two-stage behaviour of point defects

and extended defects, respectively.

Most researchers have followed implantation with high temperature post annealing treatment
[62, 104, 105, 108-111]. The core role of defects instigated by ion implantation is also mediated
by post treatment procedures. Annealing post implantation is for crystalline quality recovery
of the material and to help in the diffusion of the dopants for electrical conductivity, however
unannealed defects have also been noted to augment optical properties of ZnO [106]. A
summary of some recent studies on the modification of selected properties of ZnO NRs through
ion implantation technique are as summarised in Table 2.2. Inspired by these previous studies
and the inadequate available literature on concurrent ion implantation, we investigated how the
simultaneous implantation of Ag* and C* ions influences both the structural characteristics and
opto-response properties of ZnO nanorods (NRs). The evolution of probable modifications is
investigated as a function of the varied fluences of the ions, utilizing a range of characterization

techniques.
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Table 2.2: Current studies on the use of ion implantation technology to modify various

properties of ZnO nanorods. (The 5™ column denotes whether a treatment procedure of any

form was carried out on the samples post implantation.)

Targeted properties

and applications

Composition, structure
and optical properties
Photoluminescence
properties

Ferromagnetism

Room temperature
ferromagnetism
Photoelectrochemical
water splitting under
visible light

Fabrication of a p-n
Homojunction
Photocatalytic
degradation of

Pharmaceuticals

80

50

250

100

50

20

100

Energy Fluence
(KeV)

(ions/cm?)

2 x10%°- 1x101'®

1.0x10 ions/cm?.

1-5x10%°

1x 106

2.5 x 101%-1x 10

1x10%6

5x10™, 1 x 10%°, 5 x 105, and 1 x
1016

16

lon

species treatment

Sm

Mn,
Co

Cu

N

Post

No

Yes

Yes

Yes

No

No

No

Ref.

[100]

[109]

[110]

[111]

[112]

[113]

[114]



CHAPTER 3: EXPERIMENTAL METHODS AND TECHNIQUES

3.1 Overview

Chapter 3 gives an in-depth description of the steps and procedures followed during the
synthesis of ZnO nanorod films, followed by ion implantation. The reagents, concentrations of
solutions and other parameters are described. ZnO seed-layers were grown on commercially
available borosilicate glass substrates of dimension of (76 x 26 x 1.35) mm, through spray
pyrolysis method. ZnO nanorods were later fabricated on the layered substrates via the
adoption of the chemical bath deposition method. Various equipment was used to examine the
structural, morphological and optical properties of the synthesised samples. The fundamental
principles of these characterization techniques are discussed at length. Additionally, the

theories and models used in the calculation of certain parameters are also expounded.

3.2 Sample Fabrication

All the necessary glassware and apparatus including beakers, glass substrates, conical flasks,
measuring cylinders, spatula etc were thoroughly cleaned. Initially, the apparatus were soaked
in liquid soap for 30 minutes and then scrubbed with a bottle brush. Subsequently, the
glassware was then alternately sonicated with ethanol and acetone for an hour. Afterward it
was rinsed twice with deionised water and left to air dry in a lint-free environment. The
chemicals used in this work were purchased from Sigma Aldrich and were used in their pure

form.

3.2.1 Synthesis of the ZnO seed layer

ZnO nanorods were synthesised on the prepared seed layer. The role played by the seed layer
on the growth and alignment of nanorods has been reported [115, 116]. The seed layer serves
as a substrate to facilitate the growth of ZnO nanostructures in the preferred orientation. This
has been explained to be due to the reduced interface energy between the substrate and the
crystal nuclei, which thus also reduces the nucleation barrier. In addition, the presence of a
seed layer results in an increase in the surface roughness, which thus favours the growth of
ZnO nanostructures. Due to their high energy, the crystalline interfaces between seeds absorbs

particles or nuclei to lower the system energy, thus promoting nanorods growth. The ZnO
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nanorod fabrication procedure commenced with the growth of a ZnO seed layer on clean
borosilicate glass substrates. A simple home-assembled spray pyrolysis set up (shown in Figure

3.1) was used for the deposition of the ZnO seed layer.

syringe with solution

Compressor

Programmable syringe
pump

Substrate

Hot plate

Figure 3.1: Schematic diagram of a spray pyrolysis technique used for the growth of ZnO seed

layer.

A Zn?" ion source solution was prepared from a stoichiometric zinc acetate dihydrate [Zn
(CH3C0O2)2.2H20] salt. 0.55¢g of the salt was stirred in 100 mL of deionized water to form
aqueous Zn?* ion source solution. Few drops of glacial acetic acid (99% concentration) were
added to the solution to avoid untimely precipitation, under continued stirring at room
temperature. A sterile syringe was then loaded with the aqueous [Zn (CH3CO2)..2H20]
solution, then deposited on the substrates with the aid of air from the compressor. The air serves
to atomize the precursor solution, creating a very fine mist that can be evenly deposited on the
glass substrates. Deposition was done at substrate temperature of 350 °C. The seed layer

substrates were then kept at this temperature for 20 minutes for annealing purpose. The samples
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were stored in an air tight container for characterisation and growth of 1D structures. Optimum

parameters for the growth of the seed layer are as summarised in Table 3.1.

Table 3.1: Optimum deposition parameters used during spray pyrolysis for seed layer growth.

Deposition parameter Optimum value
Zn (CH3CO02)2.2H,0 [CAS 5970-45-6] concentration 0.025 M
Diameter of the syringe 20 mm
Volume of precursor solution sprayed 7.5mL
Deposition temperature 350 °C
Spray rate 0.5 mL/min
Spraying distance between nozzle and substrate 30cm

3.2.2 Synthesis of the ZnO nanorods

Subsequently, ZnO nanostructures were deposited on the prepared ZnO seed coatings through
the chemical bath deposition (CBD) method [117, 118]. Table 3.2 shows the parameters for

the growth of ZnO nanorods.

Table 3.2: Summary of optimized parameters for the growth of ZnO nanorods through

chemical deposition method.

Deposition parameter Optimum value

Zn(NO3)2.6H20 [CAS 10916-18-6] precursor concentration 0.05 M

Surfactant used and volume Polyethylene glycol, 10 mL

Volume of precursor solution 50 Ml

Reducing agent and volume Ammonia, 5 mL

Growth temperature 80 °C

Growth time 1.5 hours

Post growth treatment Annealing at 300 °C for 3
hours
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Typically, deionised water was used to prepare an aqueous solution of 0.05 M zinc nitrate
hexahydrate [Zn(NO3)..6H20]. 10 mL of the respective surfactant was added to the prepared
solution and stirred for 20 minutes at room temperature to achieve a homogeneous solution and
avoid formation of agglomerates [119]. About 5 mL of ammonia (NH3) solution was then drop-
wisely added to the solution, still under constant stirring. A white gelatine precipitate was
observed immediately upon addition of ammonia solution, however, as more ammonia was
added, the solution became less cloudy and colourless. The pre- synthesised seed layer films
were then suspended in a 50 mL empty beaker, followed by adding this solution to the brim.
The temperature of the solution was monitored and maintained at 80 °C throughout the
procedure that lasted 1.5 hours. During the 1.5 hours the solution was not stirred to avoid
mechanical abrasions on the growing 1D nanostructures. A summary of the fabrication route

is as illustrated in Figure 3.2.
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STEP 2: Synthesis of ZnO nanorods

via chemical bath deposition

STEP 1: Seed layer

by spray pyrolysis

i
.
'

STEP 3: lon implantation of ZnO nanorods

with Ag" C* and Ag*-C*

Implanted
ions

Photographs of the films before and after (a) Ag*, (b) C*
and (c) Ag*-C* co implantation (number 1- 5 indicate 1.0
x10%, 2.0 x10%, 3.0 x10%%, 1.0 x10'® and 3.0 x10%°

ions/cm?, respectively).

Figure 3.2: A flow chart representing the three steps in the growth and ion implantation of the

ZnO nanorods.

The growth mechanism of ZnO nanorods is proposed as follows.

1. Dissociation of the Zn (NO3)2.6H20 into Zn?* and NOs" ions;

Zn(N0O3),.6H,0 (aq) = Zn?* + 2NO33 + H,0 (3.1)
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2. Reaction of ammonia with water, NHs is hydrolysed to form NH4™ and OH" ions;

NH; + H,0 - NH} + OH™ (3.2)

3. The reaction of the OH" ions with Zn?* ions results in formation of Zn(OH), complex ions
The favoured adsorption of these ions on the (002) ZnO planes, allows formation of

nanorods;

Zn?* + 2NH** + 20H™ - 2Zn(OH), + 2NH, (3.3)

At the end of the stated time, the solution became clearer with some precipitates settling at the
bottom of the beaker. The cloudy covered-slides were collected, gently dipped in de-ionized
water for 2 minutes to remove the loose precipitate and dried for one hour at room temperature.
The samples were then annealed in vacuum at 300 °C for 3 hours. During annealing the
(ZnOH)2 was oxidised to ZnO. The annealed samples were stored in an air tight sample storage

for characterization and ion implantation.

3.3 lon implantation

The bombardment of energetic ions onto host lattice results in crystal damage. The damage
depends on the type of ions used, ion energy, ion mass number as well as ion fluence. lon
implantation remains one of the leading techniques in the fabrication and modification of
functional semiconductors. As previously explained, this owes to the possibility to control the
location of the dopants within the host lattice. Different properties have been modified through
ion implantation, and improved efficiencies are documented. The basic operating principle of
the ion implanter and experimental details for the implantation of the ZnO nanorod films are

discussed in this section.

The vacuum chamber, ion-source, acceleration tube, mass analyzer and target chamber are the
basic components of an ion implanter system. These components are responsible for the ion
generation, beam formation, beam transport, ion purity and fluence control. The ion implanter
system should be kept under high vacuum to allow efficient plasma generation and free ion
beam transport. High vacuum also combats the occurrence of dispersion and contamination

due to collisions with ambient gas molecules and previous source residue. lon beams are
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usually extracted from ion sources. A typical layout of the ion implanter is depicted in Figure
3.3.

High voltage section Deflector End Station
Mass M .
) agnetic
Analyzing Quadrupole
magnet lenses =
lon R
electrode T
!?:?:T:eleratinn Electronic
Extraction_| column Scanning
voltage Sample
(Base material)
_+_ __I_Accelerati-::-n
voltage
lon source T g

Figure 3.3: A block diagram of the Varian 200-20A2F ion implanter [120].

The ions are mostly generated by electrical discharge of gases/vapor and solid sputtering. lon
implantation accelerator systems use different ion source. The Varian-Extrion model uses a
Freeman arc discharge ion source. This type of an ion source is said to be versatile because it
can provide high current and low emittance beams from most solid and gaseous species [121].
One important feature of the Freeman ion source is the hot tungsten filament that is heated to
drive the arc discharge. A high filament current of approximately ~160 A is used for the heating
process. Electrons are produced from a hot filament through thermionic emissions, followed
by ionization of the dopant molecules to form an ion plasma. Electromagnetic fields are
employed to extract ions from the ion source. The extraction process creates an ion beam,
which is then collimated and accelerated to the mass analyzer at a specific kinetic energy (K.E)
given by a simple equation 3.4, where m is the mass of the particle and v is the velocity of the

particle.

K.E= >mv? (3.4)

This energy is provided by the applied voltage. Since single charged ions are formed, the
conservation of energy for an ion of charge g, accelerated through potential VV and moving at

velocity v can be written as:
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%mv2 =qV (3.5)

There is always a possibility of the ion source producing more than one type of ion species.
The current extracted from the ion source is entirely accelerated, loading the accelerator and
thus resulting in elevated back-streaming of electrons and high levels of radiation are emitted
[122]. It is then necessary to filter out other ions and remain with only the desired species. This
filtration occurs in the mass analyzer also known as the mass spectrometer. The filtration
process is based on atomic weights or ion masses. The mass separation is achieved by magnetic
fields. The beam of ions enters the analyzing magnet from the ion source through a magnetic
field (B) which is perpendicular to direction of the accelerated ions, they experience a force
(F). This force is also perpendicular to the magnetic field and the direction of the moving
charge (q) as given by equation 3.6;

F=q(BxvV) (3.6)

The magnetic field results in a curving path of the ions, which consequently changes velocity
(v) for the moving ions hence they experience a centripetal force equal to that given by equation
3.7,

Where m, v and R are the mass, velocity of the particle, and the radius of curvature,

respectively.

Merging equation 3.6 and 3.7 gives a relation to determine R, for ions of mass m, charge g, in

motion at a velocity v, perpendicular to the magnetic field.

mv
R=13 (3.8)

The mass to charge ratio, (m/q) is proportional to the radius of curvature R, so only ions of
specific size will be allowed through a narrow resolving aperture into the accelerating tube.
Lighter ions of smaller R or heavy ions of bigger R will travel along different paths as

determined by their charge-to-mass ratios. However, some contaminants remain unseparated
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due to their equivalent momentum. As the beam of selected ions enter the accelerating tube,
they are accelerated to the desired energies which usually range from 25 KeV to 200 KeV for
this specific ion implanter. Higher energies in the MeV range can be achieved for in other types
of ion implanters. The acceleration tube encompasses electrodes which operate either in the
drift mode, the post acceleration mode or the post deceleration mode. The mode of operation
is influenced by the required implantation energy. For the drift mode the ion beam energy
remains unchanged, whereas for the acceleration and deceleration modes the ion beam energy

is increased or decreased respectively so as to attain the required implantation energy.

Regardless of the position of the target substrates, there is necessity for uniform distribution of
the desired ion fluence over the surface area of target material. Since the beam is charged, beam
manipulation can be achieved through beam deflection by electrostatic fields [122]. The
electrostatic quadrupole triplet lens directs the ion beam to the target chamber, where it goes
through a raster scanner assembly which consists of four electrostatic deflection plates, two
vertical and two horizontals. The raster scanner assembly provides a uniform ion beam
deposition. Only charged ions will be deflected in the vertical (Y) and horizontal (X) plates as
they experience perpendicular forces due to the electric fields. The parallel beam plates sweep
the beam across the specimen and results in implantation of a homogeneous desired fluence.
The neutral particles are however not deflected; hence they will be removed by the horizontal
plates as they carry a deflection bias voltage. A Faraday cup is used to integrate the extracted

ion beam current [123].

SRIM (stopping and range of ions in matter) 2013 software was used to estimate the depth of
the implanted ions, their nature of interaction with the host atoms as well as the damage cascade
induced by the ions. More details on the SRIM simulations are discussed in chapter 4. The
fabricated ZnO nanorod films were cut into 2 x 2 cm? pieces and mounted on the ion implanter
sample holder end station. The ion implantation was conducted at the iThemba LABS Tandem
and Accelerator Mass Spectrometry (TAMS) Laboratory (South Africa). Implantation was
carried out at room temperature, without post treatment employed subsequent to ion
implantation, at energy 50 KeV and at fluences of 1.0 x10'®, 2.0 x10%, 3.0 x10*°, 1.0 x10*¢and
3.0 x10'° ions/cm?. Three sets of samples were implanted. The first set was implanted with Ag*
ions, the second set with C* ions and, the third set was co-implanted with Ag* and C* ions.
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3.4 Characterization techniques

Several analytical techniques; X-ray diffraction (XRD), Raman spectroscopy, Rutherford
backscattering spectrometry (RBS), Fourier transform infrared (FTIR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), field emission scanning electron microscopy (FESEM),
energy dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM), and
ultraviolet/visible/near infrared (UV/VIS/NIR) spectroscopy were used to investigate the
evolution of the structural, morphology and optical properties of the pristine and implanted
samples. These techniques were accessed at different local and international laboratories and
were employed before (i.e., on pristine samples) and after ion implantation. This subsection
discusses the working principles, parameters and models for these techniques which were used
in this research work. The specific instrumental parameters used during the measurements are

also outlined.

3.4.1 X-ray diffraction (XRD) technique

The X-ray diffraction is a non- invasive, elastic scattering method used to probe a wide range
of structural investigations. Different microstructural parameters, crystal orientations, internal
crystal stresses/strain can be investigated from the analysis of patterns obtained from XRD
measurements. Due to distinct unique fingerprints which produce diffraction peaks, unknown
materials can also be identified by the use of the XRD technique. The X-ray compartment
consists of a cathode ray tube which generates electromagnetic X-rays. The rays are filtered to
produce monochromatic radiation and collimated towards the sample. When X-rays are
incident on a crystal, they will scatter the electrons in all directions. This interaction of X-rays
with atoms can either cause constructive or destructive interference patterns as the X-ray waves
are scattered by crystal structures [124, 125]. Destructive interference results in no diffraction
peaks, thus a restriction to study the crystallographic properties. On the other hand, following
constructive interference, the diffracted rays will entail sharp interference maxima (peaks) with
corresponding symmetry as in the distribution of atoms. XRD is the most appropriate technique
to study interatomic distances in crystal frameworks. Constructive interferences obey Bragg’s
law (given by equation 3.9) which relates the wavelength (&) of X-rays, to the diffraction angle
(0) and interplanar spacing (d) [126, 127].

nA = 2dsin6 (3.9
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Bragg’s law for real as well as reciprocal space geometry is illustrated in Figure 3.4, with X-

rays striking on a crystal at an incident angle 6 with respect to a certain crystal plane (hkl).

(@)

incident S di;fracted
eam

Figure 3.4: Bragg’s law (a) for real as well as (b) reciprocal space geometry [127].

A Bruker advance D8 XRD diffractometer system equipped with a Lynxe detector was used in
all XRD measurements. Monochromatic copper (Cu) Ko source with a wavelength A=1.5418
A was used for detailed XRD measurements of all the synthesised samples with current and
voltage of 40 mA and 40 kV, respectively. The diffraction peaks were recorded in a continuous
mode for a two theta (20) range of 20-80° at a scanning rate of 0,02%s. Pristine and ion
implanted samples were measured under similar conditions. It was necessary to confirm the
integration of the implanted ions into the ZnO framework using the XRD technique. The XRD
was employed as the primary technique to also study any lattice alterations related to
implantation damage as well as to investigate the lattice strain and dislocations from ion
implantation. The measured XRD profiles were analysed with the Eva XRD software and

further employed for calculation of various structural parameters.

The structural properties and impact of ions on the lattice of ZnO were assessed through
calculation of various microstructural parameters using a series of equations [8, 128, 129].
Bragg’s law, in equation 3.9 was used to determine the interplanar spacings (d) between the
planes. An alteration of the d-spacing can indicate either expansion or contraction of the lattice
[130]. Several methods were previously used to evaluate the grain size [8, 131, 132]. In this

work, the X-ray line broadening method given by the Scherrer equation (equation 3.10) was
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employed to calculate crystallite size (Ds) of the most prominent 002 peak, for the pristine and

implanted samples.

KA
DS - BCosH

(3.10)

where K the crystallite shape factor is 0.9, A is the wavelength of the Cu K, radiation of 1.5418
A, B is the FWHM of the peak in radians, 0 is the diffraction angle or peak position, also in

radians.

Usually, dislocations arise during crystal growth or when the crystal is said to be distorted by
stress [133]. The obtained Ds values were used in equation 3.11 to determine the variation of

the dislocation density () with fluence of the implanted ions.

1

S NE

(3.11)

To fortify the suggestion of possible lattice distortions, lattice parameters (a,=bp and cp) were
determined from equation 3.12 which relates the parameters to the interplanar d-spacing and

the miller indices which are denoted by symbols hkl [134].

(3.12)

1 _ 4 |h%+hk+k? 12
dz 3

&3 @y 1T @y
An imperfect semiconductor lattice is assumed to contain a concentration of intrinsic defects
for example vacancies, self-interstitials, line defects, point defects, volume defects and planar
defects. These are reported to induce positive strain in the implanted crystal layers. The lattice
deformation was found to result solitarily in the out-of-plane direction, thus implying that the
strain due to the implanted ions is perpendicular. The perpendicular stain will be referenced
and discussed in this thesis. The degree of lattice distortion can be evaluated from the lattice
strain using equation 3.13 [128]. The stress in the films was also calculated for pristine and
implanted ZnO films. The stress in the films can be classified as either intrinsic or extrinsic
stress. Intrinsic stress arise due to the presence of impurities and defects, while the latter is
usually due to lattice and thermal coefficient mismatch between thin film and substrate. In this
study, the samples were not annealed after ion implantation, hence it is suggested that there is
some residual stress within the films. The presence of residual stress will be attributed to the
variation of implanted ions within the ZnO lattice. The residual stress using the biaxial stress

model as given by equation 3.14, respectively [128, 135, 136].
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Z

where Cimpi is the lattice parameter ¢, of the implanted ZnO crystal and cprist is the lattice
parameter ¢, of the pristine ZnO lattice. For equation 3.14, the elastic stiffness of bulk ZnO;
Cu1, C12, Cyz and Csz are given as 209.7, 121.1, 105.1 and 210.9 GPa, respectively [128].

The impact of the presence of the implanted ions on the bonding of the atoms was investigated
by calculating the bond length L. The second neighbouring bond length L1, L> and Lawere also
calculated from relations given by equation 3.15 to equation 3.18 [137, 138].

L= \/[33—2 + (05— 2. ¢?] (3.15)

L, =c(1—p) (3.16)

L,—+/a% + (uc)? (3.17)

4a2
Ly = \/T + (0.5 — pw)?2.c? (3.18)

where p is the positional parameter which indicates the degree of atom displacement, and is

calculated using equation 3.19. Symbols a and c denote the calculated lattice parameter
aZ
w=-5+025 (3.19)

A stacking fault is a two-dimensional imperfection caused by the non-alignment of one atomic
plane with another. The probability of stalking faults was calculated using the relation given
by equation 3.20

SF = | (3.20)

2m? ] B
45(3tan0)0-5] "

where 0 and B are the Bragg angle and FWHM of the 002 peak, respectively. These two

parameters are given in unit of radians.
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3.4.2 Rutherford backscattering spectrometry (RBS)

Rutherford backscattering spectrometry (RBS) technique is a quantitative technique widely
used to investigate atomic depth distribution in the near surface regions. From the energy
distribution of the backscattered alpha particles, elemental composition can be determined as a
function of depth [139]. Therefore, the material’s crystalline quality can be explored through
RBS analysis. The degree of damage in a crystal is probed through the channelling effect. Also,
the quantity of interstitial/substitutional elements in a lattice can be evaluated. RBS analysis
depends on the kinematics of the scattering and the energy loss of the incident projectile upon

interaction with the target atom [140].

Normally, a target is mounted in a vacuum chamber and impinged with energetic ions (usually
in the MeV range). Alpha particles (*He?*) and protons are usually bombarded onto the target
using electrostatic linear accelerators. An electrostatic repulsion occurs between the incoming
projectile and target nuclei, resulting in an elastic backscattering of the ions [141]. The
schematic of scattering dynamics is illustrated by Figure 3.5. Backscattering can only occur if
the mass of the target atom is greater than that of the incident ion. The energy and number of
the backscattered projectiles are then measured with a simple semiconductor surface barrier
detector. An exchange of energy occurs between the scattered ions and the electrons on the
surface of the detector, resulting in promotion of electrons from the valence band to the
conduction band. An electron-hole pair is thus generated in the process. This electron- pairs

are quantified to give the energy of the scattered ions.
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Figure 3.5: The principle and scattering geometry of the RBS (a) and a schematic showing

elastic collision of the projectile ion with the target atom (b) [141].

Since this is an elastic process, the kinematics of the collision event between the energetic
particle and the target are said to result in conservation of both the energy and momentum. The
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energy (E1) of the projectile particle after scattering by a target atom of mass M2 can be

determined from its initial energy (Eo) as given by equation 3.21 [140].
El = k. EO (321)

where the kinematic factor k is the ratio energies of the incident particle and that after the
collision. This k is dependent on the mass of the incident particle, that of the target atom and
the scattering angle, taking into consideration M1 < M for scattering angle 0. Also, the initial
energy E: is so higher than the binding energy of the target atom and assuming they are no

nuclear reactions and resonance, K is calculated using equation 3.22 [140, 142]

2

M; Cos© + /M%—M%(Sin 8)2
k= (3.22)

where 0 represents the scattering angle and M is the mass of the target nucleus initially at rest.
Figure 3.6 shows how at varying scattering angles the kinematic factor, k, changes as the mass
of the target atom is varied. The kinematic factor is noted to increase monotonically as the

scattering angle decreases.
The energy separation, AE1, of backscattered particles for two unlike target elements with mass

difference AM2 can be calculated as;

dk 8E [ dk \ !
AE; = Eggp-AM, = 8M, = E—O(d—Mz) (3.23)

Equation 3.23 specifies that the mass resolution (6M>) is reduced as the projectile energy E:
increases. The mass resolution also reduces for elements with heavy mass, and there might also

be an overlap between lighter elements with thick layers of the substrate of heavier elements.

The total energy loss, AE, is taken to be proportional to depth, t.

AE = At(k

dE 1 dE )
dxin cosO dxgyut

(3.24)

The elemental composition of the material can be deduced from RBS, using equation 3.25
[143];

Y = cQQNAt (3.25)

31



where Y denotes the yield of scattered ions from a thin layer of thickness At, for a certain
number of incident ions (Q) at a detector solid angle (2). The number of specimen atoms in

atom/cmzis denoted N.
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Figure 3.6: The variation of the kinematic factor, k, at varying scattering 0 angles as a

function of target mass, for incident H ions [144].

The film thicknesses, depth profiles and compositions of the pristine and ion implanted ZnO
films were investigated by RBS, with a 6 MV Pelletron Tandem accelerator. The RBS

measurements were performed at iThemba LABS, TAMS laboratory in South Africa.
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Figure 3.7: Schematic diagram and pictures of the iThemba LABS 6 MeV Tandem accelerator.

3.4.3 Raman spectroscopy

Interaction of light with matter is instrumental in spectrometric analysis. The non-invasive
Raman spectroscopy technique has been employed on broad applications including medical
diagnostics, material science, flow chemistry and bio-catalysis. In solid state physics, this
technique is utilized to study the lattice dynamics and crystallographic orientations [145]. All
materials possess a unique molecular fingerprint/signature, making it possible to use Raman
spectroscopy for identification of unknown materials. Even though Fourier transform infrared
(FTIR) spectroscopy and Raman techniques are often used as complimentary techniques,
Raman spectroscopy offers quite a number of advantages over the FTIR. For our study the
most outstanding merit of Raman spectroscopy is the ability to provide insight information on
the lower frequency modes for inorganic- oxides (ZnO) which are often not easy to investigate
through the use of the FTIR.

When photons interact with molecular electrons, there is an excitation of the material into an
intermediate (virtual) state. This state is short lived such that the generated electron-phonon
complex immediately re-emits a photon as scattered light, while leaving the electronic state of
the material unchanged. Scattering of this light can either be classified as Rayleigh or Raman,
depending on the relative energies of the incident and emitted photons [146]. Rayleigh
scattering is basically an elastic scattering in which the energy of the incident and scattered
photons is equal. However, inelastic scattering of light, which is known as the Raman
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scattering, results in a promotion or demotion of photonic energy and frequency of the emitted
light. Scattering of light that has gained extra energy from the molecules is known as Stokes
scattering whereas the inverse is referred to as anti-Stokes, as depicted by Figure 3.8. Only a
small portion of the light will experience inelastic light scattering as arbitrated by the electronic
polarizability of the material. The difference between the incident photon energy and the
energy of the Raman scattered photons is known as the Raman or frequency shift, and it is thus
a measure of energy that induces transitions between different rotational and vibrational states
in various materials. The disparities in the positions of the vibrational optical phonon modes
and their intensities have been investigated to study the structural evolution upon ion

implantation [146].
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Figure 3.8: Schematic Jablonski diagram illustrating different quantum energy transitions for

Raman and Rayleigh scattering [147].

Generally, longer wavelength of 532, 785, 830 and 1064 nm are used for the excitation of
electrons. Laser diodes and mercury lamps are often used as monochromatic sources of light.
The laser energy is transmitted to and collected from the sample by fibre optic cables, followed
by elimination of the Rayleigh and anti-Stokes scattering by the edge filter. The light scattered
through the Stokes process is then collimated on to a holographic grating and captured by a
CCD detector.

A Horiba Labram HR Evolution Raman spectrometer was used to study the vibrational modes

of the pristine and implanted ZnO samples. A diode laser of an excitation wavelength of 532
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nm was used. Measurements were taken in the Raman shift of range of 50 to 1500 cm™, using
an incident laser power of 2mW. An Olympus optical microscope of magnification BX50 was

used. The spectra were saved in a text file and later plotted using the Origin8 Pro software.

The ZnO wurtzite structure belongs to the space group 46v C. According to the group theory,
the phonon spectra of ZnO in the I" point (centre of the Brillouin zone, which is defined as the
Wigner-Seitz primitive cell of the reciprocal lattice) is characterised by six branches [148-150].
These Raman optical phonons with zero quasi-momentum at the I point (k = 0) are grouped
as an irreducible representation of notations as A1+2B1+E1+2E,. The two non-polar E2> modes
are known as the Eziow and Eznigh, and are associated to the vibration mode of the zinc and
oxygen sub lattice atoms, respectively [151]. The A1 + E1 modes are both Raman and infrared
active, the two nonpolar E; modes are only Raman active, and the two B1 modes are both

Raman and infrared silent.

3.4.4 Fourier transform infrared (FTIR) Spectroscopy

The Fourier transform infrared (FTIR) technique is highly sensitive and can be used to
determine the quality of the sample. It is most suitable to study the presence of implanted ions
in the SMO lattice, even at very low fluence. Measured spectral intensities depend on both
sample morphology and chemistry [153]. Variations in the peak intensity, frequency or position
and the symmetry of the absorption peaks is a key suggestion of the change in the material
composition. FTIR spectroscopy relies on the analysis of infrared active vibrational modes.
Different materials portray distinct infrared spectra showing absorption peaks which
correspond mainly to overtones and combinations of fundamental vibrations between the bonds
of the atoms making up that material [152]. It has been mostly used to identify the functional
groups of different compounds, thus also identifying unknown materials. This technique can
also be employed as an excellent tool for quantitative and compositional analysis, through a

combination of modern software algorithms.

The three major parts of an FTIR spectrometer are the source, interferometer, and detector. The
working principle of FTIR spectroscopy is as illustrated by the schematic diagram shown in
Figure 3.9. A glowing black-body source emits a beam of IR radiation. The beam is collimated
and directed through an aperture, and then goes through the interferometer. The interferometer

consists of a beam splitter, a moving mirror, a stationary/sliding mirror and a timing laser.
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Spectral encoding occurs in the interferometer. In the beam splitter the incident IR beam is
divided. An ideal beam-splitter transmits and reflects 50% of the incident radiation. In this
instance, approximately 50% of the light is refracted towards the fixed mirror and 50% is
transmitted towards the moving mirror. Light is reflected from the two mirrors back to the
beam splitter and recombine to give rise to a reconstructed beam which is optically referred to
as an interference wave [154, 155]. The resulting interferogram is then steered toward the
sample compartment where part of it is either absorbed, transmitted through or reflected off
the surface of the sample. For a vibrational mode to absorb IR radiation, the vibrational motion
associated with that mode must produce a change in the dipole moment of the molecule [156].
FTIR detectors are specially designed to observe interferograms as analogue signals, hence
Fourier transformation algorithms are performed and the infrared spectrum is generated. The
signal is converted as a function of retardation, to the frequency domain given by equation 3.26
[155];

S(v) = ZfOOOI(x) cos(2mvx) dx (3.26)

where I(x) represent the interferogram, v is wavenumber, X is the retardation and S(v) is the

spectrum.
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Figure 3.9: Schematic diagram to show parts of an FTIR [157].

A Bruker Vertex 70V FTIR spectrometer was used to investigate functional groups of the
samples in order to study any variations in the Zn-O stretching modes upon introduction of
either C* or Ag™ ions. This instrument is equipped with a He-Ne laser that emits monochromatic
infrared light with a wavelength of 633 nm. The spectra were acquired in the mid IR region,
with a spectral range of 400-1500 cm™ at nominal 4 cm™ resolution. 128 scans were performed
per sample to increase the signal-to-noise ratio. The instrument was equipped with a DLaTGS

detector, and operated at room temperature in a transmission mode.

3.4.5 Field emission scanning electron microscopy (FESEM)

The surface morphology of materials is examined by the use of microscopes. Electron
microscopes do offer better resolution images compared to optical microscopes [157]. This is
attributed to the shorter wavelength of the electron beam which enables it to penetrate some
few more microns beneath the surface of the sample. The degree of penetration depends on the
density of the specimen as well as the accelerating voltage. The field emission scanning
electron microscopy (FESEM) is often used to determine the morphology (shape and size),
crystallographic properties, topography, composition, and other properties such as the
electrical conductivity of materials. FESEM offers better imaging resolution compared to the
conventional SEM, which often uses a heated tungsten source to generate electrons. However,
the FESEM uses a high-energy beam of electrons which are liberated by a field emission source
[157, 158]. These electrons are then accelerated in a high electrical field gradient, focused
through a series of electromagnetic condenser lenses and then an objective lens to the specimen.
The exchange of energy between the electron beam and the specimen results in elastic
scattering and inelastic scattering thus emitting an assortment of high energy signals and
electromagnetic radiation. The interaction of the incident beam of electrons with the specimen
emits a variety of particles including backscattered electrons (BSE), secondary electrons (SE)
and Auger electrons along with X-rays. The interaction processes as well as the schematic

representation for the FESEM system are as illustrated in Figure 3.10.
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Figure 3.10: (a) Mechanisms of emission of secondary electrons (SE), backscattered electrons
(BSE), and characteristic X-rays from atoms of the sample [159], (b) schematic representation
of the FESEM system [159].

These signals are captured by the detectors and can be used to study the microstructural
properties of the specimen. Secondary electrons are produced due to inelastic interaction of the
primary electrons with loosely bound electrons in the atoms of the sample, resulting in the
emission of electrons from the outer shells. These electrons are referred to as secondary
electrons. Due to their low energies of 10-50 eV, secondary electrons are detected and mapped

to study the surface topography of the specimen [158, 160].

For morphological studies, the FESEM experimental work for this research was conducted at
the centre of analytical facilities, University of Stellenbosch in South Africa. The samples were
first mounted on aluminium FESEM stubs by aid of a carbon double-sided adhesive tape. A
thin layer of 10 nm of gold was then coated on the samples using a Leica EM ACE200 coater.
Coating with a conductive layer prevents the build-up of charge, which might affect the quality

of the images. A Zeiss MERLIN (Carl Zeiss Microscopy, Germany) FESEM was then used for
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the examination of the surface morphology and elemental composition of the films. The

electrons were accelerated at a voltage of 20 KeV and a beam current of 1.4 nA was used.

3.4.6 Energy dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy (EDX) is a quantitative analytical technique used for
compositional elemental analysis of materials. As previously discussed, X-rays are also emitted
upon interaction of energetic incident electrons with matter (see Figure 3.10). Bombardment
of the sample with high energetic electrons results in the excitation of the inner shell electrons,
ejecting it and resulting in the creation of a vacant electron hole in that inner shell. Since the
inner shells ought to always be filled, an electron from an outer higher-energy state will then
transition into the inner shell and recombine with the positively charged hole at the same time
emitting energy in the form of X-rays. The generated X-rays are collected by the EDX detector
which is usually housed in the FESEM compartment, and represented as a characteristic X-ray
emission pattern indicating the available elements at their respective energies. The atomic
percentages of the elements can also be evaluated from the spectra. In the present study, EDX
analysis was used to study the purity and confirm the presence of implanted ions on the ZnO
matrix. The EDX was done immediately after FESEM imaging as the EDX detector was
attached to the Zeiss MERLIN SEM microscope. A voltage of 20kV was used to produce the
X-rays.

3.4.7 Atomic force microscopy (AFM)

An atomic force microscope (AFM) is a non-optical or electron-optical microscope that rather
uses the interatomic interactions between the probe and the surface of the samples to study the
topology and morphology of materials [161]. It is known to be a very sensitive instrument, that
its performance can be limited by external vibrations. Various parameters such as friction,
hardness, elasticity, conductivity, magnetic forces, roughness and chemical functionality of
materials can be estimated from AFM analysis. High-resolution images and study of local sites
in air or liquid dispersions can also be attained through the use of the AFM technique. As such
surface morphology of non-conducting samples like polymers, DNAs have been investigated
using the AFM [162].
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An AFM setup consists of a cantilever tip usually with a radius of 20-50 mm. The cantilever is
designed with a very low spring constant to allow free movement in the x, y and z directions
as controlled by a piezo-electric tube scanner. When the tip becomes in contact with surface,
there is an attractive or repulsive force created. The force causes the cantilever to bend either
towards or away from the surface, thus leading to a varying amount of laser light reflected into
the photodiode.
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Figure 3.11: AFM operating principle.

The force between the tip/probe and the sample cannot be directly measured, it is calculated

from the deflection of the cantilever according to Hooke’ s law;
F= —kx (3.27)

where F is the force, k is the stiffness of the cantilever, and x is the distance the cantilever is
bent.

A laser beam is used to detect and measure the cantilever deflections to or away from the
surface of the sample. An incident beam is reflected on the surface of the cantilever and the
divergence in the direction of the reflected beam signals the deflecting of the cantilever. The
reflected signal is collected by the use of a position-sensitive photo diode (PSPD) which then

convert them into 2D and 3D images.
3.4.8 X-ray photoelectron spectroscopy (XPS)

XPS is an analytical technique that measures the relative energies of electrons at an atomic and
molecular level. It is often classified as a surface chemistry tool as it can be employed to

characterize the nature of chemical bonds within materials or to study the elemental
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composition of materials ranging from metals, ceramics, biomaterials, implants and polymers.
The electronic structure and the density of the electronic states in semiconductors can also be
studied by the use of the XPS.

The basic principle of XPS for quantitative analysis of surface composition is based on the
photoelectric effect [146]. As shown by the schematic diagram in Figure 3.12, when a material
is irradiated with monoenergetic photons of known high energies (usually soft X-rays are used),
ionization takes place. This results in a systematic excitation and ejection of electrons from
their bound state [146]. Due to the nuclear attraction forces, electrons in the inner sub shells
(core electrons) will be difficult to eject due to the strong forces, whereas those in the other
shells (valence electrons) are easier due to a lower binding energy. Complete transfer of the X-
ray energy to a core level electron, results in the emission of photoelectrons [163]. Their kinetic
energy is measured. In addition, not all emitted electrons will be collected by the electron
analyser as some electrons are scattered inelastically. The photoelectric equation given by
equation 3.28 [164] can then be used to calculate the electron binding energy of that certain

material

E, =E, — (KE+ @) (3.28)
where Ey is the binding energy, E; is the energy of the incident photons usually calculated from
E=hv; K.E is the kinetic energy of the ejected photoelectrons and ¢ is the combination of work
function of the specific material and the instrument. The negligible contribution of the work

function factor is usually ignored [163-165] and equation 3.28 simplifies to;

Ep = E, —K.E (3.29)
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Figure 3.12: Schematic diagram of photoemission process used for XPS., showing the

excitation and emission of an electron as induced by the incident X-rays [146].

The detector counts the number of photoelectrons at various kinetic energies. A typical XPS
spectrum is a plot of the number of electrons detected at a specific binding energy. Each energy
peak on the spectrum corresponds to a specific element. Only the lightest elements, hydrogen
and helium atoms cannot be detected by the XPS technique. In addition to its inability to form
a solid compound, helium has tiny cross-section for photoemission. Hydrogen also has an
extremely small photoelectron cross-section and does not consist any core electrons which are
essential for XPS detection [166]. The chemical states of the synthesised nanorods were
investigated through core level measurements using a Kratos Axis Supra model X-ray
photoelectron spectroscope. Further analysis of the XPS spectra were done using ESCApe

software.

3.4.9 Ultraviolet/visible/near infrared (UV/VIS/NIR) spectroscopy

UV/VIS/NIR spectroscopy deals with three regions of the electromagnetic spectrum, that is the
ultraviolet light (UV), visible light (VIS) and near-infrared (NIR). The wavelengths for these
regions are; 180 to 400 nm, 400 to 800 nm, and 800 to 3200 nm for the UV, VIS and NIR,
respectively [167, 168]. The UV/VIS/NIR spectroscopy can be used to quantify the light
absorption, reflection, scattering and transmittance properties of a material. Molecules
containing m-electrons or non-bonding electrons (n-electrons) do absorb energy from the
incident light photons. The absorbed radiation induces electronic transitions from the ground

state to a higher anti-bonding molecular orbitals or energy levels, thus resulting in any of the
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four possible types of transitions (m—n*, n—n*, 6—6*, and n—o*) shown in Figure 3.13[169-171].

The UV/VIS/NIR measurements are usually given as a function of the wavelength.
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Figure 3.13: Possible electronic transitions occurring between molecular orbitals due to

absorption of UV and visible light [171].

A typical single or double beam UV/VIS/NIR spectroscope, consists of a light source, a
monochromator, a sample/reference chamber and a detector as displayed in Figure 3.14.
Excluding cost and stability issues, the selection of the type of the light source mostly depends
on the operational wavelength required for absorption by the material under investigation. A
tungsten filament, xenon lamp, halogen lamps, gas discharge lamp, deuterium arc lamp, light
emitting diodes can be used as the radiation sources. The principle of a double beam
UV/VIS/NIR spectrophotometer is discussed. Typically, as a beam of light passes through the
monochromator from the light source, it gets filtered into discrete wavelengths which are then
allowed to singly pass to the slits. The slit only allows a small portion of the light to pass
through upon which it gets split into a double beam. Through the aid of a series of mirrors, the
other beam is directed to the reference chamber, while the other part goes to the sample
compartment. Different intensities of light will pass through the sample and the reference, as
influenced by the chromophores. The transmitted light from both the reference and the sample
is captured and converted to interpretable electronic signals by the detectors. The detector is
usually a charge -coupled device (CCD) or it can be a photomultiplier tube or a photodiode.
The amount of the transmitted light is usually given by Beer-Lambert’s law which basically
defines the transmitted light as the ratio between the intensity of the transmitted light (I) and
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the intensity of the incident light (lo). Mathematically, Beer-Lambert’s law [172, 173] can be
expressed as:

T=1=e (3.30)

Io

where 1 is the intensity of the transmitted light, lo is the intensity of the incident light, a is the
absorption coefficient and t is the thickness of the sample.
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Figure 3.14: UV-vis spectrophotometer schematic for a double beam instrument [174].

For this work, both transmittance and absorbance of the pristine and ion implanted samples
were measured using a double beam Lamba 750 Perkin-Elmer UV/VIS/NIR spectroscopy (see
Appendix A for a picture). The measurements were taken in the spectral range of 300-1000
nm. A clean borosilicate glass was used as the reference. The measured absorbance and
transmittance were analysed and further used to determine and deduce important optical
parameters, such as absorption coefficient, extinction coefficient, linear refractive index,
optical energy band gap, Urbach energy. and the optical conductivity. Several models were
used for the calculation of these parameters. Comparing such optical parameters of pristine and
ion implanted ZnO films will provide insight into any variations of the energy band structure,
impurity levels, localized defects as well as the role of lattice vibrations.
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3.4.9.1 Determination of the absorption coefficient (a) and extinction coefficient (kx) and the

linear refractive index

Rearrangement of the Beer Lambert’s law gives equation 3.31 which can be used to determine

the absorption coefficient (a);

—1pt
a= t.lnT (3.31)

where t and T represent the film thickness and the measured transmittance, respectively.

To evaluate the extinction coefficient (kx), which is a measure of the quantity of photons
absorbed or/and scattered as light propagated in the material, equation 3.32 was used [175];

k, =2 (3.32)

_411

Symbols kx, o, A, represent the extinction coefficient, the absorption coefficient and the

wavelength of the photon, respectively.

Analysis of the refractive index (n) is remarkably paramount for many applications [176]. High
refractive index materials are associated with incident light trapping (absorption) [177]. The
model used to evaluate the refractive index is based on the physical thickness of the films, with
a presumption of a ternary layered layer model; the substrate, the thin film and the incident
medium. In the present case, the substrate was borosilicate glass, and the incident medium was
air.

3.4.9.2 Determination of the energy bandgap [178-181].

The optical band gap energy, interpreted as the minimum required photon-excitation energy in
a semiconductor, is a fundamental aspect of optical materials. The optical energy bandgap (Eg)

was estimated from the well-known Tauc model simplified by equation 3.34. The extrapolation

of the linear fragments of a Tauc plot of helps in the estimation of the bandgap.
ahv = B(hv — E,)’ (3.34)

The optical band was also evaluated through the derivative spectroscopy method. For this
method, the transmittance of the ZnO nanostructures is differentiated with respect to the
wavelength of transmission (dT/dA) and the peak maxima (Amax) deduced corresponds to the
cut off wavelength of the samples [182]. Equation 3.35 is then used to calculate the Eg.
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h
E, = — (3.35)

/1max

A plot of the hv(2nk)Y? vs the photon energy, hv was also used to find the band gap from

extrapolating the linear segment of the plot.
hv (2nk,) /2 = hv — Eg (3.36)

The symbols used in equation 3.34 to 3.36 are defined as follows: a is the absorption
coefficient, h-Planck’s constant, c- speed of light in vacuum, v -frequency of
incident photons, B is the band tailing parameter and iis the power index whether the
semiconductor has a direct allowed/forbidden or indirect allowed/forbidden state. ZnO is a
direct allowed transition semiconductor and i=1/2. n is the refractive index; k is the extinction
coefficient. The values of Eg obtained from the four methods were denoted as Eg (tauc), Eg(ds),
Eg(enk) and Eq wob), respectively.

3.4.9.3 Determination of the Urbach energy or absorption band tail

The Urbach energy, Ey is an estimation of the width of localized states associated with the
conduction and valence bands, which extend inside the optical energy gap. Moreover, the
Urbach energy also measures the degree of disorder in a semiconductor as a consequence of
inclusion of an impurity in the film or lattice [183]. The following empirical formula estimates

the dependence of the absorption coefficient a, on the photon energy [184, 185].

(&)
a(hv) = a,e‘Eu (3.37)
The exponential behaviour is described by Urbach's law and can be written as;

Lna = Ina, + Eihv (3.38)

where o, is a pre-exponential constant, Ey is the Urbach energy, o is the absorption coefficient,
h -Planck’s constant, v -frequency of incident photons. A linear fit of Ln(o) against the photon
energy (hv) gives the gradient. The inverse of the gradient equates to Ey, and the intercept is

equal to In(ow).
3.4.9.4 Determination of the optical conductivity

The optical conductivity (copt) IS used to investigate the optical response of the synthesised

materials. The optical conductivity of the samples was calculated using the relation;
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anc

Oopt = an

(3.39)

Herein a, n, ¢ are the absorption coefficient, refractive index and velocity of light in vacuum,

respectively.
3.4.9.5 Determination of the dispersion and dielectric parameters

Dispersion parameters play a substantial role in the field of optical communications and in the
fabrication of spectral analysis devices. The analysis of the dispersive refractive index of the
ZnO thin films was performed through the concept of the single-effective oscillator model
expressed by Wemple-Didomenico (WDD) [186]. This model explains that below the
absorption band gap, the dispersion parameters (Eq, Eo) and the refraction index (n) are related

through the following equation:

EoEq

2 _
n-=1+ ()2

(3.40)

Where Eo and Eq represent the effective oscillator energy and the average force of the optical
transitions, respectively. Eq is a measure of the average intensity of the inter-band optical
transitions, that depends on chemical bonding and charge distribution within each unit cell,

while E, refers to the average excitation energy for electronic transitions [187].

Equation 3.40 can be rewritten as:

__ E3—(hv)? _ Eo_ (hv)?

2 _ 1)-1
(n*-1) E4Eo Eq Eg4Eo

(3.41)

The values of E, and E, are thus deduced from the plot of (n?>-1)* vs (hv)?. The vertical
intercept (E,/Eq4) and the slope of the plot (1/E,E4) solved simultaneously give the required

quantities E, and E4.

The zero-frequency dielectric(e), also known as the static refractive index (no) is deduced
when the photon energy (hv) is set to zero (hv=0) in the WDD equation 3.40, which then

becomes;

E,\1/2
The square of n) is known as the high frequency dielectric constant (n))?.

The high frequency dielectric constant, denoted €, is related to the refractive index (n) through

the relation;
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n® =g, - (41‘[2:0(:2) (I\I/\I]*) A (3.43)

where e is the electronic charge, ¢, is the permittivity of free space, c is the speed of light in a

vacuum, N is the carrier concentration and M* is the charge carrier effective mass. A plot of
n? vs A2 was used to deduce the values of £, and N/M* from the vertical intercept and the slope
of the linear plot. The plasma frequency (wp) is defined as the resonant frequency for free
electrons about their mean positions. Penn’s theory [188] gives a relation:

2
2nk, = - (3.44)

8m2c3t

Where, the plasma frequency (w,,) is calculated as;

1/2

wp = (2) (3.45)

g1goM*

Another important relationship is the real (&) and imaginary (si) parts of the dielectric which

are related to n and k through the following:

The relation between the real dielectric constant and the refractive index n is given by the

Spitzer—Fan model,
g = n? + k2 (3.46)
& = 2nky (3.47)

To evaluate the momenta M.; and M., the Wemple-Didomenico model is adopted. The
calculated parameter, E, and Eq were used to estimate M.1 and M.z (moments of the optical
spectra). These two parameters are used to express the inter-band transition strength and are
evaluated using the following equations [189];

EZ = Z—: , (3.48)

EZ = x: (3.49)
The two equations above were rearranged to give

M_, = E—j (3.50)

M_; = “;2 (3.51)
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CHAPTER 4: SIMULATIONS OF THE INTERACTIONS OF CARBON AND
SILVER IONS WITH ZnO

4.1. Overview

The bombardment of a solid target with a beam of energetic particles results in partial
backscattering of the injected particles from the surface layers, whilst the remaining fraction
slows down through the target. The Stopping and Range of lons in Matter (SRIM) software
uses binary-collision-approximation (BCA) to study the trajectory of the energetic particle as
it navigates and settles in the target atom. The BCA method also simulates the trajectory
dynamics of the recoils in the host material. SRIM-2013 simulation was employed to simulate
the interactions of Ag* and C* ions within the host, ZnO framework. Various parameters such
as the dopant concentration of the implanted ions at varying fluences, vacancy density, total
atom displacement and critical energy for both Ag* and C* ions were evaluated from the
simulated data. A total of 99,999 incident ions were simulated.

4.2 Binary-collision-approximation (BCA)

Binary-collision-approximation (BCA) is based on Monte Carlo (MC) algorithms to simulate
the interactions between the impinging energetic ions and the target material and the sequence
of collisions sustained by the incoming ion. The BCA method is useful for estimating ion
implantation profiles and the trajectory dynamics of the recoils in the host material at ion
energies greater than roughly 1 KeV. The ion distribution in the target material is treated as a
series of discrete collisions between two atoms [190]. The assumption on which the binary
collision approximation is based is that all interactions within target atoms or between two-
body encounters are considered. It is also assumed the recoil travels in a straight line between
collision points in the framework, colliding with one individual atom at a time, hence resulting
in binary collision [191-193]. For the BCA, random collision selections are combined with the

observed stopping power, thus producing very precise computational calculations.

4.3 Stopping Power

The interaction of ions within the host atom causes the ions to lose energy and, thus, slowdown
in the target matrix. Quantitative knowledge of stopping power and range is imperative for a

vast number of applications including ion beam analysis, ion beam modification,
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semiconductor fabrication, radiation therapy, nuclear engineering, etc [194, 195]. The amount
of energy lost (dE) over a certain depth (dx), i.e., dE/dX, (where E is energy of ion and x is the
penetration depth also known as the range) is known as stopping power. The SRIM simulations
are used for determining the stopping power and range of ions in solids [196]. lons lose their
energy through various mechanisms; either electronic energy loss, nuclear energy loss or
radiative energy loss. The radiative energy loss is often neglected, and consideration is made
for energy lost due to partially screened Coulomb interactions between the incoming ions and
bound electrons in the target which is termed as the electronic energy loss, and nuclear energy
loss, defined as the energy lost due to elastic collisions between the incoming ions and the
nuclei of the target atom. When all of the kinetic energy of the incoming ion is transferred to

the target, it will cease moving.

The total stopping power is described as the summation of the contributions of electronic

energy loss and nuclear energy loss given as [197]:

s=5= ).+ (&), @)

where e and n represent electronic and nuclear stopping powers, respectively. The energy
transfer mechanisms between the incoming ion and the target atoms are very complex. Nuclear
stopping power dominates at low energies while electronic stopping dominates in the high

energy regime.

Nuclear stopping power results in elastic collision, hence the whole energy is transferred from
the bombarded ion to the target atom, and both the energy and momentum are conserved. The

elastic energy transferred T depends on the scattering angle 0 through equation 4.2 [198]

_4E0m1m2 . 29_ . 29
oy Sine o = Tiaysin - (4.2)

- (mq+mj3)

my and my represent the mass of the projectile and the stationary target atom, respectively, Eo

is the incident energy of the projectile and 0 is the scattering angle in the center-of-mass frame.

The theoretical framework of nuclear stopping is treated as a classical collision between two

charged particles. At small interatomic separations and high energies, screening effects are
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taken to be negligible, hence V(r) reduces to repulsive Coulomb interaction between the nuclei,

given as:

Z1Z2 e2
4TEGT

V(r) = (4.3)

However, in ion implantation, there is screening of the charges at intermediate separations
making it very complicated to describe accurately. A screening function ® G) between two

interacting charges Zi1 and Z> is taken into consideration and the Coulomb potential is derived
as [199]:

V() = 228 ¢ (5 (4.4)

4mEeyr a

The screening function & G) depends on the electron density distribution of the two atoms, e

represents the electronic charge, o is the permittivity of free space, @ is the universal screening
function, r is the interatomic distance, and a represents the empirical screening length in
reference to the Bohr radius. Considering a collision between an energetic ion of mass My,
atomic number Z; and of energy Eo with a target of mass My, atomic number Z,, the empirical

screening length a is successively given by [200]:

__ 0.885a
Z10'23 +Z20.23

(4.5)

where ao is the Bohr radius which is equals to 0.529 A.

Compared to nuclear stopping power, quantitative description for electronic stopping power is
far more complex. Various theories such as the LSS-theory (Lindhard, Scharff and Schiott)
[201] for the slow-heavy ions and Bethe-Bloch formula for the swift ions have been proposed
to quantify electronic stopping power [202]. Nuclear stopping power results in the movement
of target atoms, thus creating imperfections such as point defects or complex defect clusters
and small amorphous domains. Accumulation of point defects will distort the crystal lattice.
Microstructural damage can be noted as phase transformation, dislocation loops, formation of
voids and gas bubbles, volume swelling, etc. A combination of both the nuclear and electronic

stopping power effects results in enhanced creation of such defects and damage accumulation.

SRIM-2013 was employed in this study to estimate the depth distribution and collision details
of the implanted Ag* and C™ ions.
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4.4 SRIM/TRIM simulation of Ag* and C* ions on ZnO films

4.4.1 Collision cascades

As energetic incident ions sequentially collide with constituent atoms, the events may trigger
amorphization, crystallization, phase transformation, crystal damage as well as alterations of
the surface morphology of the target material. During elastic nuclear collisions, as the
implanted ion strike a target atom, it will transfer a significant portion of its energy to the target
nucleus. However, the magnitude of the transferred energy for elements of different atomic
masses in the same target substrate differs. The transferred energy depends on the difference
between the mass of the incident ion and that of the target atom. Taking into consideration the
larger difference in the masses of the Ag* ion (106.6 amu) and C* ion (12 amu), the
bombardment of ZnO lattice with Ag* or C* will possibly produce different cascades which
are categorised into displacement collisions, vacancy production, replacement collisions and
interstitial atoms. Figure 4.1 shows typical collision cascades as initiated by individual paths
of incident ions and all the knock-ons, until all the energetic particles became stationary. The
plots shown in Figure 4.1a and b illustrates a prediction of collision cascades in ZnO as initiated

by the implantation of 50 KeV Ag* and C* ions, respectively at room temperature.

Depth vs. Y-Axis

- Target Depth - 2000A £ — Target Depth —

(@) (b)
Figure 4.1: XY ion simulations showing collision cascade initiated by 50 KeV (a) Ag" and (b)

C*ions.
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4.4.2 lon distribution

Figure 4.2 are the histograms which show the estimated average depths and distributions of the
Ag" and C" ions in the ZnO matrix. The longitudinal mean projected ranges are noted to be
much different for the two dopants. Expectedly the range is less for the heavy ion (Ag* = 17.4
nm) and more for the light ion (C* = 97.9 nm), indicating that C* ions can reach deeper regions
than Ag* ions when implanted at the same energy. Despite the disparity in the estimated depth
range, it is worth to note both the values are less than the thickness of the fabricated ZnO thin
film, thus implying that all implanted ions will be deposited within the ZnO layer. The ion
distribution plots were used to determine the dopant concentration for each ion using equation

4.6given as;
dopant conc. = (fluence)(peak value of the ion distribution plot) (4.6)

The calculated values of the dopant concentrations for the Ag* and C* ions are given in column
2 of Tables 4.1 and 4.2.
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Figure 4. 2: Depths of incident ions in ZnO using incident energy of 50 KeV (a)Ag* and (b)
c".
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4.4.3 Energy Loss to lonization

Figure 4.3 shows a plot of the ionization from the incident Ag™ and C* ions as well as from
recoiling target atoms. As ions penetrate into the target material, they instantly interact with
target electrons, individually or collectively. As shown, upon Ag* ion implantation, the ZnO
electrons absorb energy from the recoil atoms compared to the fast-moving ions. A distinct
situation is noted upon C* ion implantation, as the electrons tend to absorb a much higher

fraction of energy from the ions than the recoil atoms.
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Figure 4.3: Energy loss to target electrons upon 50 KeV Ag* and C* ion implantation.

4.4.4 Phonon production

Phonons are a collection of oscillations or vibrations of a lattice in a periodic atoms or
molecules. Depending on the type of target material, the energy absorbed by the electrons is
often dissipated as heat or phonons. Figure 4.4 shows the produced phonons in ZnO as it is
implanted with Ag* or C* ions. As indicated by a very thin red line at the bottom of the plots,
very minimum ion loss energy is transferred to phonon for both cases, that is for Ag™ and C*
ion implantation, thus implying phonon production is predominantly attributed to the loss of

kinetic energy by recoiling target atoms.
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4.4.5 lon-recoil distribution

Figure 4.5 denotes influence of the ion species on the ion-recoil distribution. The figure shows
that more zinc atoms than oxygen atoms are knocked out of their lattice sites, thus creating
vacancies. However, differences in the peaks are noted, showing that the ion distribution is not
based entirely on target element composition but on the implanted ion species as well. The ion-

recoil distribution plots are usually analysed to determine the magnitude of energy absorbed

by the target material from incident ions.
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Figure 4.4: The distribution of target phonons in ZnO films as produced by ions and recoils
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Figure 4.5: TRIM simulation of ion-recoil distribution of ZnO as induced by (a) Ag* and (b)

C* ion distribution.

4.4.6 lonization profile

Figure 4.6 shows the simulated ionization profiles of ZnO films subsequent 50 KeV Ag" and

C" ion implantation. Figure 4.6a shows that upon Ag* ion implantation, the incident energies

lost through electronic ionizations, phonon production and lattice damage are 13.5, 34.0 and

2.50 KeV/ion, respectively. This indicates that a major portion of the energy is lost through

phonon production. For simulated C* most of the incident energy (30.3 KeV) is lost through

electronic ionizations, and the remaining is lost as 18.4 and 1.26 KeV/ion for phonon

production and lattice damage, respectively as shown in Figure 4.6b.
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Figure 4.6: Plots of ionization of ZnO target material by (a) Ag* and (b) C* ions.

4.4.7 Collision events

Figure 4.7 shows the distribution of collision events in the ion implanted ZnO target. Each
dopant element is shown separately. Indicated displacements are created by the incident ions
and all the recoiling target atoms which possess sufficient energy. These displacements will
result in either a target vacancy, or a replacement collision, as shown in the plots. The number
of target atom displacements is equivalent to the sum of the created target vacancies and

replacement collisions. Upon Ag" ions impingement, the ions and recoiling atoms create 859
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displacements/ion. A total of 834 of these displacements results in vacancies, and only about
3% results in replacement collisions. The bombardment of ZnO with C* ions give 435
displacement ions of which 97 % creates target vacancies and the remaining fraction results in

replacement collisions.
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Figure 4.7: SRIM simulation of diferent collision events on ZnO target upon (a) Ag* ion and

(b) C* ion implantantion.

4.4.8 Energy lost to recoil

Figure 4.8 shows energy loss of incoming ions due to recoils. It is noted that Zn absorbs more
energy from the impinging Ag* and C* ions as depicted in Figure 4.8a and b, respectively. This
can be attributed to its highest atomic mass, thus contributing a larger quantity of energy loss
compared to oxygen. Figure 4.8a shows that the energy transferred to target atoms is higher at
the surface and decreases as the ions slow down within the ZnO matrix. Furthermore, the
energy to recoil atom plots were used to estimate the critical energy density which is derived
from the product of the maximum peak value with the implanted fluences. The equation is

given as:
critical energy density = (max. peak)(fluence) (4.7)

The calculated values of the critical energy density are given in column 3 of Table 4.1 and

Table 4.2 for Ag* and C*, respectively. The damage caused by implanting the different ion
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species, (Ag and C) is compared by determining the displacement per atom (dpa). Equation 4.8

was employed to calculate the dpa. The density of ZnO was taken as 8.301 x 10?2 atoms/cm?®.

The calculated values are presented in Table 4.1 and 4.2.

dpa =

vacancy concentration

material density
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Figure 4.8: TRIM plot of energy transferred to the recoil cascades, (a) Ag* and (b) C* on
ZnO subst
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Table 4.1: Various calculated parameters of Ag® ion implantation using SRIM/TRIM

simulation.
lon fluence Dopant conc.
(x 101 (x10%°
ions/cm?) atoms/cmq)
1 6.0
2 12.0
3 18.0
10 60.0
30 180.0

Vacancy conc.
(x 10%3vac./cmd)

4.10

8.20

12.3

41.0

123.0
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Critical energy = Displacement

density per atom

(x10%°eV/cm3) (dpa)
2.0 4.94
6.0 9.88
9.0 14.8
30 49.4
90 148.2



Table 4.2: Various calculated parameters of C* ion implantation using SRIM/TRIM

simulation.
lon fluence Dopant Vacancy conc. Critical Displacement
(x 108 conc. (x 10%2vac./cm®)  energy density per atom
ions/cm?) (x 10%° (x102 eV/cm?d) (dpa)
atoms/cmq)
1 9.0 3.75 2.0 0.45
2 18.0 7.50 4.0 0.90
3 27.0 11.25 6.0 1.36
10 90.0 37.50 20.0 4.52
30 270.0 112.5 60.0 13.6
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CHAPTER 5: RESULTS AND DISCUSSION I- Optimization of the chemical
deposition (CBD) method

The results presented in this chapter have been published in the article; K. Lefatshe, P. Dube,
D. Sebuso, M. Madhuku, C. Muiva, “Optical dispersion analysis of template assisted 1D-ZnO
nanorods for optoelectronic applications” Ceramics International 47 (6) (2021), 7407-7415.

https://doi.org/10.1016/j.ceramint.2020.11.079

5.1 Overview

Morphology and size play crucial influential roles in semiconductor nanotechnology. This
chapter discusses results from the controlled fabrication of ZnO nanosized rods through the use
of capping agents. Two different surfactants; ethylene glycol and polyethylene glycol were
used. Another set of nanorods were fabricated in a surfactant free environment. SF-ZNR, EG-
ZNR and PEG-ZNR are used to denote surfactant free grown ZnQO, ethylene glycol surfactant
assisted ZnO, and polyethylene glycol surfactant assisted ZnO, respectively. Freestanding,
elongated one-dimensional (1D) ZnO nanorods were successfully synthesised in a simple two-
step process. The surfactants were found to yield considerable effect on both the morphology
and crystallinity of the nanorods. All the synthesised ZnO films portrayed a transmittance of
more than 50 % in the visible range. A distinct absorption peak is also noted in the UV region,
at 380 nm. Various optical parameters were calculated and their analysis indicated the presence
of surfactants during nanostructure synthesis can be adopted to modify the optical response
properties such as the band gap, Urbach energy and dielectric constants of ZnO nanorods, to

augment their efficiency for optoelectronic devices.

5.2 Microstructural analysis

5.2.1 X-ray diffraction (XRD) Analysis

X-ray diffractograms of the synthesised ZnO films are depicted in Figure 5.1. The recorded

profiles are indexed to a hexagonal wurtzite ZnO, similar to that reported on database
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COD2013 2300115. No impurity or secondary peaks were observed. The (002) peak was the
most dominant peak across all the grown thin films, indicating a strong preferred orientation
along the c-axis. The average crystallite size (Ds), calculated from the Scherrer equation for
each sample is presented in Table 5.1.
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Intensity (a.u)
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Figure 5.1: XRD Patterns of surfactant free grown (SF-ZNR Zn0), ethylene glycol surfactant
assisted ZnO (EG-ZNR) and polyethylene glycol surfactant assisted ZnO (PEG-ZNR).

It was observed that the surfactant free (SF) grown ZnO nanorod film had the highest crystallite
size. However; introducing ethylene glycol (EG) and polyethylene glycol (PEG) during ZnO
film synthesis resulted in increased peak broadening and consequently an enormous decrease
in the crystallite sizes of the nanorods, in agreement with the Scherrer equation. A possible
explanation for this behaviour is that during the growth process, the molecules of the capping
agents encapsulate the Zn?* forming complex ions [203]. This nucleation process lowered the
surface tension of the interface, resulting in decreased agglomeration which correlatively

influences the reduction of particle size. In addition, it was observed that PEG and EG
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surfactants affected the growth of the nanorods in divergent ways due to different binding
characteristics [204]. Table 5.1 shows a disparity of calculated structural parameters; the
crystallite size (Ds), the interplanar d-spacing, lattice parameters (ap and cp) and the lattice
constant cp/ap. The calculated values of lattice constants are in agreement with those previously

reported in literature, with the least values recorded for the ethylene grown ZnO [8, 26, 48, 70].

Table 5.1: Calculated structural parameters of ZnO films from XRD analysis.

Sample Ds d-spacing ap Cp Cp/ap
(nm) (nm) (nm) (nm)

SF- ZNR 70 0.260270 0.324940 5.20540 1.60196

EG- ZNR 43 0.257450 0.321900 5.14890 1.59953

PEG-ZNR 48 0.258860 0.323420 5.17720 1.60077

5.2.2 Raman analysis

The wurtzite structure of the films was further confirmed through Raman spectroscopic
analysis. All the observed vibrational modes were assigned on the basis of the group theory
which proposes eight sets of optical phonons of which only six are Raman active. The same
peaks were observed across all the films. The same observations have been reported in
literature [205, 206]. The 437 cm™ characteristic peak, accounting for the E2 high mode (Eznign)
was observed as the most pronounced peak in all samples. The surfactant grown nanorods
(PEG-ZNR and EG-ZNR) exhibited enhanced peaks with relatively strong intensities
compared to the surfactant free (SF) grown nanorods. Other eigenmodes ascribed to the
absorption band of the defects were noted at wavenumbers ~245 and 580 cm™. The appearance
of these two modes confirms the presence of intrinsic defects in pure ZnO nanorods. In
comparison to the SF grown ZnO, EG and PEG-ZnO showed a distinct spectral blue shift,
contributed by phonon localization associated with intrinsic defects and spatial confinement
within the grain boundaries due to oriented growth. Frohlich interactions contribute to the
electron-phonon coupling of the ZnO nanorods [207]. Surfactant assisted ZnO showed more
oxygen vacancies compared to the SF-ZNR, as noted by the stronger E1 (LO) peaks.
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Figure 5.2: Raman spectra of surfactant free grown ZnO nanorods (SF-ZNR ZnO), ethylene
glycol surfactant assisted ZnO nanorods (EG-ZNR) and polyethylene glycol surfactant assisted
ZnO nanorods (PEG-ZNR).

5.3 Morphological Studies

The morphology of the grown nanorods was studied through the use of the field emission
scanning electron microscope (FESEM). The observed micrographs showed distinct elongated
1D nanorods across all three samples as depicted in Figure 5.3, however, some variances were
observed. The SF grown nanorods have more spherical end elongated rods of non-uniform
diameters. It was observed that EG grown ZnO showed the least agglomeration, and also it is
worth to note that the nanorods have screw-like ends. The PEG grown ZnO nanorods resulted
in more agglomeration than the SF-ZnO. In addition, a mixture of screw-like and spherical
ended nanorods are observed in the pictogram of PEG ZnO, (Figure 5.3 (C)). The diameters of
the rods were noted to vary for the synthesised samples, which is attributed to the role of the

growth environment.
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Figure 5.3: FESEM images of elongated ZnO nanorods prepared in surfactant free (A), EG
(B) and PEG (C) templates.

5.4 Optical studies

5.4.1 X-ray photoelectron spectroscopy (XPS) analysis

The elemental surface analysis and chemical states identification of the synthesized ZnO NRs
were examined by XPS studies. In agreement with the XRD and Raman plots, XPS showed
high intensities of only the Zn and O peaks, an emphasis on the purity of the samples. The plots
of intensity against binding energies are depicted in Figure 5.4. Peaks at binding energies of
1044.65, 1021.56 eV were assigned to Zn 2P1/;, and Zn2P3y,, respectively. The oxidation state
of ZnO is +2. This is elucidated by spin-orbit splitting of the core level Zn 2p peak resulting in
Zn2p Y2 and Zn2p3/2 peaks with an energy of approximately 23 eV, which corroborates with
literature [208]. Some variation in the binding energies was noted in both the Zn and O1s
narrow scans. From the chemical states chart, it is evident that the most stoichiometric film is
EG-ZNR. Other than enhanced intensities, ZnO nanorods grown in ethylene glycol (EG)
showed peak shifting to augmented binding energies indicating a higher positive oxidation
state. This shifting is attributed to the additional Coulomb interaction of the ion core and the
emitted electron, as well as possibly the variation of the texture coefficients between the
different surfactants [208, 209].
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Figure 5.4: (a) XPS wide spectra of SF-ZNR, EG-ZNR and PEG-ZNR. Narrow XPS spectra
of (b) 2p core shell and (c) O1s. The insert on (a) is a bar chart showing the elemental atomic

percentages of Zn and O in all the three samples.
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5.4.2 Transmittance

The optical analysis of the ZnO nanostructures was performed in the spectral range 300 - 800
nm. Figure 5.5 shows the transmittance spectra of the ZnO nanostructured films exhibiting
excellent and high transmittance of light in the visible region. The observed sharp absorption
edge for the nanostructures is in the range 380-400 nm. The intrinsic absorption energy gap of
ZnO occurs in this range; a consequence of inter-band electron transitions in the film and hence

ZnO nanostructures have a direct band gap energy [210, 211].
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Figure 5.5: The transmittance spectra of the SF-ZNR, EG-ZNR and PEG-ZNR.

It is worth noting that the absorption edge is red shifted to higher wavelengths from the bulk
(<380 nm). The observed red shift in thin films could be attributed to quantum size effects or
guantum confinements of the ZnO nanoparticles and residual strain inherent in hosted thin
films [211]. Significant differences in the crystallite size as well as the morphologies as
observed in the XRD data and the SEM micrographs, respectively, could well be attributed to
these variations. The observed absorption shift from the bulk value of ZnO could be attributed

to size effects as particle sizes change to nanosize [212].
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5.4.3 Optical band gap (Eg)

Diverse methods explained in chapter 3 (section 3.4.9) were adopted to study the optical band
gap of the pristine samples. The Tauc plot of (ahv)? vs hv to determine the optical band gap
(Eg) is shown in Figure 5.6. The curve was extrapolated to the hv axis to obtain the E, of the
ZnO nanostructures. The E, values from this method are denoted as Eg(rqqc) and are listed in

Table 5.2.
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Figure 5.6: Variation of (ahv)? with photon energy, hv, for SF-ZNR, EG-ZNR and PEG-ZNR.

Figure 5.7 shows the derivative spectroscopy method (dT/dA), which was also used to estimate
the band gap of ZnO nanostructures [182]. The inset shows a zoomed view of the full width at
half maximum (FWHM) of the peak derivative, with the dotted line drawn to the x-axis
showing the corresponding cut off wavelength (Amax). The obtained Amax Was used to calculate
the bandgap energy values using equation 3.35 (subsection 3.4.9). The values deduced from

the derivative spectroscopy method are denoted as E 45 and are listed in Table 5.2.
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Figure 5.7: The derivative spectroscopy plot of SF-ZNR, EG-ZNR and PEG-ZNR nanorods.

Furthermore, the optical band gap was deduced through the hv(2nk)Y? vs photon energy (hv)
curve, depicted in Figure 5.8. As expected, this plot clearly exhibits the linear, exponential and
tail regions. The Egcan be deduced by extrapolating the region that is linear to the hv axis, as

kx approaches zero. The values of Egobtained from this method were denoted as E, ) and are

listed in Table 5.2.
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Figure 5.8: Plot of hv(2nkx)Y? vs hv for ZnO nanorods.

There was an observed variation in the calculated E, values, all lower than the expected value
of the bulk ZnO of 3.31 eV [213, 214]. The lower values observed could be due to the use of
surfactants that are non-ionic. These surfactants have the ability to reduce particle interfacial
and surface tension; as a consequence, there is an alteration in the size of particles hence a red
shift in the band edge. The band energy width can be estimated using equation 5.1 [181]:

2 2
En=Eb+h—<1 +i)— o (5.1)

8R3 \m¢ ~ myj 4megor’

where Ej, is the band gap width of the nanosized material in (eV), Ep is the band gap width of
the bulk ZnO in (eV), Rp is the particle radius, h is the plank’s constant, mn* is the hole effective
mass, me* is the electron effective mass, e is the electronic charge, €, is the dielectric
permittivity of free space. As Rp decreases a significant value is loaded to the bulk value Ep
and the value of E, increases. For the present case E, instead decreased relative to the bulk
value pointing to microstructural defects, residual stress and strain as the cause of the band gap
reduction. The peak shift in the predominant XRD peaks (002) is evidence of stress and strain
in the films which is also correlated with the blue shift in the absorption edge for the PEG-ZNR
and EG-ZNR relative to the SF-ZNR.
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5.4.4 Urbach energies

The Urbach energy, E, was deduced from the plot of (Ln a) vs hv in Figure 5.9, the linear part
of the plot is fitted, and the reciprocal of the slope gives the Ey. The values of E, for the ZnO
nanostructures are listed in Table 5.2. As shown in Table 5.2, the Ey values are lower for the
EG-ZnO and PEG-ZnO samples as compared to the SF-ZnO. This was also observed from the
reduced crystallite growth, shape effects and also peak shifts in the XRD data. The observed
behavior corresponds to changes in optical transition states (occupation of unoccupied states
in the conduction band) [185].
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Figure 5.9: Variation of Ln a with the photon energy to determine the Urbach energies of the
SF-ZNR, EG-ZNR and PEG-ZNR nanostructures. Linear fitted with Reg ~1.

5.4.5 Spectral dispersion parameters

5.4.5.1 Refractive index (n)

The model used to evaluate the optical constants (n and kx) was based on the physical thickness

of the ZnO nanostructured films, with a presumption of a ternary layered layer model; the
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substrate, the thin film and the incident medium. In the present case, the substrate was
borosilicate glass, and the incident medium was air. Figure 5.10 shows the dispersion of
refraction index, n, of ZnO nanostructures against the wavelength. The refractive index follows
the normal dispersion of a semiconductor. The ZnO nanostructured thin films exhibit higher
values of n at 400 nm < A. However, there was an observed gradual decrease of n in the 400 —
700 nm range. The low values of n recorded could be attributed to lower packing fraction for

the ZnO nanostructures during chemical bath deposition [215].
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Figure 5.10: The refractive index of SF-ZNR, EG-ZNR and PEG-ZNR as a function of the
wavelength.

5.4.5.2 Extinction coefficient (kx)

The extinction coefficient (kx) was evaluated over the spectral range of 200 - 800 nm. Figure
5.11 shows a plot of the extinction coefficient of the ZnO nanostructures as a function of
wavelength. The kyx values of all samples show a decreasing trend as wavelength increases, the

values almost reaching zero in the measured transparency region where A is greater than the
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absorption edge (= 400 nm). As expected, Kx is high in the absorption region where A is less
than the absorption edge [216].
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Figure 5.11:The extinction coefficient of SF-ZNR, EG-ZNR and PEG-ZNR as a function of
the wavelength.

5.4.5.3 Wemple-Didomenico (WDD) single oscillator dispersion energies

To study the oscillator parameters, values of E, (the effective oscillator energy) and E4
(quantity of dispersion energy), were evaluated using the Wemple-Didomenico (WDD)
effective single oscillator model [186]. A thorough description of this model is presented in
section 3.4.9. The plot of (n?-1) vs (hv)? shown in Figure 5.12 was used to determine these
two parameters. With the aid of equation 3.41, the intercept (E, /E4) and the gradient (1/E,E4)
were solved simultaneously to give the required quantities E, and E4. The calculated values
for Eo, Eq and Egwpp) are listed in Table 5.2. With the WDD model as a basis, Tanaka [217]
put forward a direct relation between the band gap energy (Eg) of a material and the effective

oscillator energy (E,), i.e., E, ~ 2E,. Values of the optical band gap, Eg obtained from this
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relation are also presented in Table 5.2 and denoted as Eqwop). The obtained Eq values from
this model follow the same trend as those obtained through other methods used. An
insignificant difference is observed for values of the diverse methods, which may be attributed

to the relative approximations for each model.
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Figure 5.12: Plot of the refractive index factor (WDD), (n?-1)* vs hv? for ZnO nanostructured
films. Linear fits with Reg. = 0.8.
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Table 5.2: Calculated energy gaps of the ZnO nanostructures using Tauc [Eg¢ray |, Derivative
[Eg(as)], WDD [Egwpp)y] and 2nk [Egmi | models, single oscillator parameters (Eq and E, )

and Urbach energies [E, ] of the samples.

Sample Egtaue)y  Egas) Egwop)y  Egmi Eq E, E,
(eV) (eV) (eV) (eV) €ev)  (eVv)  (meV)
SF-ZNR 3.21 3.18 3.16 3.14 15.81 6.32 0.91
EG-ZNR 3.19 3.16 3.18 3.17 8.35 6.65 0.67
PEG-ZNR 3.20 3.18 3.19 3.19 7.45 6.38 0.83

5.4.6 Dielectric parameters

Figure 5.13 depicts a linear relationship of n? vs A%. The parameters £, and N/M*, were deduced
from the vertical intercept and the slope, respectively. These values have been listed in Table
5.3. The calculated values N/M* for the ZnO nanostructures were found to be higher in the
surfactant grown films, with the highest value recorded PEG-ZNR. The discrepancies in the

calculated values show that the surfactants can be used to modify the dielectric constants.
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Figure 5.13: Plot of n? vs A? for the ZnO SF-ZNR, EG-ZNR and PEG-ZNR nanostructures.
Linear fitted with Reg =~ 1.

The zero-frequency dielectric was also deduced, when hv of the WDD equation is set to zero.
The calculated values of n ) and (n(o)z) for are listed in Table 5.3. Both n and (n(o)z) are
found to be lower in the samples grown in the presence of surfactants, which is also in
agreement with the refractive index values. The plasma frequency (wp), was also calculated
based on Penn’s theory as described in section 3.1. Values found from the calculation of e, eL
and the N/M” from previous plots and respective relations were used in the calculation of w,
using equation 3.45. The values of w,, were found to be (51.62, 41.42, and 60.89) x 10" s
for surfactant free, EG grown and PEG-grown ZnO nanorods, respectively. The results are
presented in Table 5.3 and are found to have a similar trend with N/M”. The highest value of
N/M™ was obtained for PEG grown ZNR, which can be attributed to a higher charge carrier

concentration as observed by a higher N/M” ratio.
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Table 5.3: Static refractive indext (n()), high frequency dielectric constant (nw)?), lattice
dielectric constant (gr), plasma frequency (wp), carrier concentration to effective mass
ratio(N/M*) and momenta (M.1 and M.3).

Sample ng, (ng)? £ wpx 108 N/M"x 10%® M-1 M-3
C) (m* Kg)

SF-ZNR 1.80 3.24 1.60 51.62 14.74 2.24 0.060

EG-ZNR 1.50 2.25 2.40 41.42 14.24 1.26 0.028

PEG-ZNR 147 2.16 2.30 60.89 29.48 1.17 0.028

The excitation energy of electrons spectrum can be explained by the frequency dependence of
the dielectric constant, which consists of two components according to the Krammer-Kronig
theory [218]. Equations that relate the imaginary (ei) and real (er) parts of the dielectric function
to the refractive index (n) and extinction coefficient (kx) have been discussed in section 3.4.9.
Figure 5.14 shows plots of (i) and (er) against the incident photon energy (hv). The increase in
dielectric losses (&) above the band gap energy ( Eg, i.e., >3.20 eV) depict poor dielectric
behaviour, pointing to good conductor behaviour. The observed trend could be attributed to the
accumulated charge carriers in the distinct regions of conductivities in the ZnO nanostructures
[219]. This trend is in good agreement with the observed values of N/M* in Table 5.3. The
increase in relative permittivity could be attributed to polarizations, electronic and space charge
displacements. The molecule polarizations cause the field reversals to fall back resulting in
dielectric losses. The calculated values of the momenta are presented in Table 5.3. Both M.1
and M.z are found to decline for the ZnO synthesized using surfactants, similar to the trend of
Eqd.
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Figure 5.14: The spectral dependence of the (a) imaginary (i) and (b) real components (gr) Of

the dielectric function for the ZnO NRs nanostructures.

In summary, both the XRD and Raman confirmed the wurtzite ZnO with no secondary or
impurity peaks. XPS studies also indicated that c-axis oriented wurtzite ZnO nanorods were of
high purity. The crystallite sizes and morphologies of the nanorods were successfully
controlled by use of capping agents. Ethylene glycol grown ZnO nanorods (EG-ZNR) showed
uniform dispersed elongated nanorods with screw-ends. A red shift in the optical band gap
relative to the bulk for surfactant grown nanorods was observed from optical studies. The
optical constants n and kx were investigated; with n showing normal dispersion of light in the
measured region. Similar to other properties, dispersive constants showed dependence on the
addition of surfactants. The ratio N/M* was found to be elevated for surfactant grown samples,
which sequentially triggered a surge in the values of the plasma frequency. This surge could
be attributed to concentration of charge carriers in the samples. The components of the complex
dielectric constant were observed to follow the trend of the refractive index (real part) and the
extinction coefficient (imaginary part). In conclusion, this study has shown that utilization of
surfactants during ZnO synthesis can simultaneously control the morphology and crystallinity
as well as modify its optical properties without altering its wurtzite structure. The polyethylene
glycol was opted as the superlative surfactant for the synthesis of the 1D nanostructures.
However, few parameters were further adjusted and optimized including the concentrations of
the precursor solutions, the volume as well as the spraying rate so as to reduce the diameters
of the nanorods. The samples obtained from these modified steps were characterized and

further used for ion implantation to modify the structure and optical properties of ZnO NRs.
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CHAPTER 6: RESULTS AND DISCUSSION I1-Ag* ion implanted ZnO nanorods

The results presented in this chapter have been published in the article: K. Lefatshe, C.

Muiva, M. Madhuku, ‘Effect of low energy Ag* ion implantation on ZnO nanorods for

enhanced visible light absorption-structural and optical analysis’ Optical Materials, 122
(2021), 111757. https://doi.org/10.1016/j.0ptmat.2021.111757

6.1 Overview

This chapter presents an analysis of the structural, morphological and optical response
properties of ion implanted ZnO. The synthesised ZnO NRs were implanted with Ag* ions at
low energy of 50 KeV and varying fluences of 1 x10*°, 2 x10°, 3 x10%°, 1 x10%, and 3 x10%
ions/cm?. The influence of injected Ag* ions on the structural and optical properties of ZnO
NRs was investigated. The ion implantation-induced structural distortions in the ZnO lattice
were characterized mainly through the X-ray diffraction technique. The Raman analysis and
FTIR were also used as complementary techniques to the XRD. A detailed explanation on the
effect of varying the silver (Ag") ion fluence on the structural and optical response properties
of ZnO is provided.

6.2 Crystalline structure analysis

6.2.1 X-ray Diffraction (XRD) analysis

Structural identification and analysis of implanted ZnO NR films was studied through the
XRD. Figure 6.1 shows XRD 26 scans of pristine and Ag* ion implanted ZnO (at fluences of
1x10%, 2x10%°, 3x10%°, 1x10%, and 3x10%® ions/cm?). The prominence of the 002 peak was
retained post implantation, showing that the Ag* ion implantation did not cause amorphization
of the films. The patterns were analysed for phase identification and to study the influence of
Ag" ions. The profiles for Ag* ion-implanted ZnO films were all indexed to a hexagonal
wurtzite crystallographic structure [220, 221]. No additional peaks of Ag, its oxides nor any
other impurities or secondary phases were identified, indicating efficacious assimilation of Ag*

ions into the ZnO lattice. A variation in the peak intensities, peak positions (20 angles) as well
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as peak broadening i.e., full width at half maximum (FWHM) is observed. As shown on the
enlarged view of the most prominent (002) peak in Figure 6.1b, the change in the intensity,
FWHM and the positions of the peak is strongly dependent on the Ag™ ion fluence. An increase
in peak broadening (FWHM) has been attributed to crystalline size reduction due to induced

disorders within the lattice, which, as a result, degrades the degree of preferred orientation [28].
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Figure 6.1: Recorded XRD [a] wide range scans, [b] enlarged 002 peak and other dwarfed
peaks [c] of pristine ZnO and Ag* implanted ZnO at different fluences (1x10%°, 2x10%°, 3x10%°,

1x10% and 3x10'® ions/cm?).
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As indicated by reduced intensities, bombardment of the ZnO films with Ag™ metallic ions
resulted in the reduction of the crystallinity of the films. Similar findings are reported in
literature demonstrating that the incorporation of transition metals modifies the crystallinity of
ZnO [222-224]. The reduction of the peak intensity and peak shifting to lower angles indicate
an change in the crystallinity of the films and lattice expansion, which could be ascribed to the
existence and concentration of structural defects caused by ion implantation [6, 7]
Crystallographic parameters of Ag* implanted ZnO films including the peak positions and
FWHM for the (002) peak, are as presented in Table 6.1. As elucidated, the increase in FWHM

and negative peak shifting signal lattice expansion and induced microstrain broadening [225].

Despite observed peak shift back to higher 20 angles for the sample implanted to ion fluence 3
x 108 jons/cm?, the evolution of the extracted parameters follows a similar trend. This attribute
signals the possibility that the inclusion of more Ag* ions above the 1.0 x 10%® jons/cm? inhibits
further lattice expansion. The impact of Ag* ions on the lattice of ZnO was further assessed
through a calculation of various microstructural parameters using a series of equations which
have been described in chapter 3, section 3.4.1 [8, 128, 129]. The interplanar spacings (d)
between the 002 planes are found to increase with the Ag* ion fluence across all the samples.
An increase in d-spacing indicates lattice expansion in the c-direction, as supported by the peak
shift towards lower 20 angles [13]. The calculated crystallite size (Ds) of the pristine and the
Ag" ion implanted samples were also compared. The Ds was found to decrease from 56.31 to
24.29 nm after implantation with Ag* ions at fluence 3.0 x10%* ions/cm?. Generally, some
dislocations arise during crystal growth or when the crystal is said to be distorted by stress
[226]. The obtained Ds values were used to determine the dislocation density (8). A systematic
increase in the dislocation densities was observed. The values of 6 were found to be amplified
by the intrusion of Ag" ions into the ZnO hexagonal lattice, demonstrating an increase in the
concentration of defects and a distorted lattice. Furthermore, the increase in dislocation density
confirms that the deterioration in the film’s crystallinity increases with Ag* fluence. The
calculated crystallite sizes (Ds), interplanar d-spacing (d), and dislocation densities (8) are also
all listed in Table 6.1.
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Table 6.1: The 002-peak position (20), interplanar d-spacing (d), FWHM (B), crystallite size
(Ds) and dislocation densities (8) of pristine and Ag* implanted ZnO films.

Ag* ion fluence 20 d B Ds )
(ions/cm?) (©) (nm) (©) (nm) (x10* line/m?)

0 34.866 0.25734 0.148 56.31 3.15
1x10% 34.843 0.25750 0.161 51.76 3.73
2x10% 34.837 0.25754 0.172 48.45 4.26
3x10%° 34.815 0.25770 0.226 36.87 7.36
1x10%6 34.796 0.25784 0.340 24.51 16.65
3x10'° 34.821 0.25766 0.343 24.29 16.95

To fortify the study, lattice parameters shows that the crystallographic planes expand
preferentially in the c-axis. The lattice parameter a, was found to change in the opposite
direction. A substantial lattice expansion in the perpendicular direction is observed to be
proportional to the fluence of Ag® ions, while in the parallel direction there is no direct
relationship between the lattice parameter and the ion fluence, showing that the deformation of
the lattice happens primarily in the out-of-plane axis and thus the induced strain in the
implanted films is perpendicular. A slight reduction in the lattice parameter cp, at ion fluence 3
x 10% jons/cm? corroborates the previously discussed peak shifting. This slight reduction
shows that at this fluence there might be evolution of different types of defects which leads to
less expansion of the lattice. The lattice parameters were plotted as a function of the calculated
d-spacing as depicted in Figure 6.2, which shows that a linear relationship is established for

the perpendicular lattice cp.
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Figure 6.2: The variation of the lattice parameters a, and c, with fluence of Ag* ions (the dotted

lines are to guide the eye).

As previously explained, an implanted ion interacts with the host atoms, losing its energy
through electronic and nuclear collisions and consequently being forced to stop and occupy a
lattice site. The ion can either settle on an interstitial site or substitute an atom of the host lattice.
Substitution usually results in lattice expansion [227, 228]. Comparing the atomic radii of Ag*
(0.114A) and Zn?* (0.074A), Ag* ions are most likely to substitute the Zn atoms. But as the
fluence is increased, an affinity for occupying interstitial sites may also arise, hence the
possibility of both substitution and interstitial settling is predicted for the sample at 3 x10
ions/cm?. The magnitude of the microstrain was calculated using the Wilson relation. A linear
proportionality of the calculated microstrain to the ion fluence was observed as expected,
indicating that as Ag* ions are bombarded, they stretch the ZnO lattice, resulting in more
induced strain. This increase is relative to ion fluence and the deterioration in the crystallinity
of the samples [229].

Furthermore, strain-induced variations of the interatomic distance tend to inevitably alter the
interaction between neighbouring ions. The Zn-O bond length, L and the second nearest-
neighbour bond-lengths denoted L3, L», and Lz were calculated. The disparity of the calculated
parameters presented in Table 6.2 alludes to some alterations to the lattice structure induced by
the presence of Ag* ions. Similar to the FWHM and dislocation density, the microstrain, and

lattice parameter cp, were found to upsurge upon Ag* ion implantation. The expansion of these
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listed attributes varies with Ag* ion fluence as expected, primarily due to the substitution of

Zn?* by Ag' ions of larger ionic radius. Disparities in d-spacing, 26 position, and lattice

parameter cp; upon Ag ion implantation have previously been confirmed [222, 230]. The

variation of d-spacing suggests the introduction of stacking faults upon Ag® injection.

A stacking fault is a two-dimensional imperfection caused by the non-alignment of one atomic

plane with another. The calculated stacking fault probability (SFP), is shown to increase with

the increase in the dislocation density and lattice parameter, indicating the presence of defects

in the ZnO lattice.

Table 6.2: Various calculated microstructural parameters of Pristine and Ag* ion implanted

ZnO films.

Parameters Pristine
Zn0O

Lat. parameter a, (A) ~ 3.2131
Lat parameter cp (A) 5.1467
Lattice strain, e -
x 102 (%)
Biaxial  stress, o -
(GPa)
Uc 2030560
Positional para. u (A) =~ 0.37992
Bond length L (A) 1.9553
L1 (A) 3.1914
Lo (A) 3.7613
Ls (A) 3.7613
Stacking fault (SF) 0.00117

lon fluence (ions/cm?)

1.0x10% 2.0 3.0
x10% x10%
3.2106 3.2065  3.2009
5.1500 5.1509  5.1540

6.40 8.07 14.2
-0.290 -0.366 -0.644
1571691 1291412 568528
0.38011 0.37980 0.37971
1.9576 1.9563  1.9570
3.1924 3.1946  3.1970
3.7662 3.7627  3.7638
3.7662 3.7627  3.7638
0.00127 0.00136 0.00178
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1.0
x1016
3.2097
5.1568
19.5

-0.885

167441
0.37917
1.9550

3.2017
3.7580

3.7580
0.00267

3.0 x10%6

3.2220
5.1532
12.5

-0.567

162880
0.37958
1.9560

3.1971
3.7615

3.7615
0.00271



6.2.2 Raman analysis

Raman spectroscopy measurements of the implanted ZnO NRs were conducted out at room
temperature, using the green emission 514 nm argon ion laser. Figure 6.3 shows Raman spectra
of pristine and Ag* ion implanted ZnO samples. The presence of the Eznigh peak in all samples
is an indication that the wurtzite structure of ZnO was not altered by the implantation of Ag*
ions, which supports the XRD analysis. However, the presence of distortions and possibly
defects on the ZnO matrix can be substantiated through analysis of its intensity and other
observed peaks. The decrease of the intensity of this peak is observed to be dependent on the
ion fluence. This behaviour has previously been associated with the presence of lattice defects
caused by Ag® implantation [231, 232]. Furthermore, the variation in the peak phonon
frequencies is associated with stress induced in the wurtzite crystal structure during ion
implantation [232]. All implanted samples show a slight decrease in the frequency thus

indicating that a weak tensile stress was induced to the ZnO lattice.

Another common significant peak at 578 cm™ assigned as the Al longitudinal optical (LO)
phonon mode was observed to increase upon Ag* ion implantation. According to Mondal et al
[233], the Al (LO) is one of the ZnO peaks that are most sensitive to O-site disorder in the
ZnO lattice, and can be intensified by transition metals implantation-induced-disorder [234].
Previous researchers have ascribed the presence of this peak to intrinsic defects associated with
oxygen vacancies [223]. This peak intensified and shifted to a lower Raman shift at higher Ag*
ion fluence. Simultaneous peak broadening and shifting upon Ag* incorporation has been
previously reported to be due to dopant-induced lattice distortions. Munawar et al [231]
attribute the peak shift to be due to the surface variation activated by the charge transport
between the foreign ions and host lattice. The emergence of this peak is also noted upon ion
implantation of ZnO using other various metallic dopants and has been attributed to the
disorder-activated Raman scattering (DARS) as induced by the presence of defects mainly
oxygen vacancies and interstitials thus resulting in the breakdown of translational crystal
symmetry [29, 235-237]. The development of two additional modes (AM), disorder-activated
peaks at 233 and 184 cm™ was observed. These peaks are ascribed to the deformation or
disorder in the ZnO lattice [238, 239]. Even though peaks related to the presence of lattice
defects and distortion were observed, no secondary phase peaks were indexed in the Raman
spectra. Raman and XRD data confirm that structural disorder due to ion implantation is highly

dependent on ion fluence.
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Figure 6.3: Room temperature Raman spectra of pristine and Ag* implanted ZnO.

6.2.3 Fourier Transform Infrared (FTIR) analysis

The presence of Ag*® ions in the ZnO matrix has also been investigated by studying any
dissimilarities in the FTIR spectra of ZnO implanted with Ag™ cations at varying fluences. The
FTIR spectra given in Figure 6.4 show multiple fingerprints frequencies lower than 400 cm™
for all samples, which are described to be the metal-oxide vibrations [8]. A slight shift is
observed for the band recorded at 610 cm™. Not much variation was observed in the FTIR
spectra of the pristine and implanted ZnO samples except for only small shifts of the band
positions and the intensity of the absorption bands. The shift may be due to the change in the
band position due to the substitution of Ag™ ions into the host matrix. Our FTIR results indicate
re-arrangement of bonding through variation of the positions and intensities of the functional

groups.
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Figure 6.4: FTIR spectra of pristine ZnO and Ag" ion implanted ZnO films at fluences of
1x10%, 2x10%°, 3x10™, 1x10'® and 3x10* ions/cm?,

6.3 Morphological Analysis
6.3.1 Field Emission Scanning Electron Microscopy (FESEM)

Figure 6.5 shows top surface view field emission scanning electron microscopy (FESEM)
images of Ag® ion implanted ZnO nanorod films. The FESEM images indicate a high
concentration of elongated nanostructures with varying diameters. Comparable morphologies
were seen pre- Ag” ion implantation, signifying that the much-required 1D morphology was
not ruined post- Ag" ion implantation. An increase in the Ag® ion fluence results in the
distension of the nanorods as noticed in Figure 6.5e. No cracks or voids were observed. The
FESEM has limited comparability since it is a surface-imaging technique, thus a tapping AFM

imaging technique was implemented for further morphological analysis.
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Figure 6.5: Field emission scanning electron microscopy (FESEM) images of Ag® ion
implanted ZnO at fluences of (a, b) 2.0 x 10*°, (c) 3.0 x 10%°, (d) 1.0 x 10'® and (e) 3.0 x 10%6

ions/cm?.

6.3.2 Elemental analysis

From FESEM imaging, elemental analysis was conducted through the energy dispersive X-ray
spectroscopy (EDX). Spatial distribution of Ag* ions over the host matrix is shown in Figure
6.6. All samples were analysed, the atomic percentages of the constituents are presented in

88



Table 6.3. A relative increase in the atomic percentage was noted thus also confirming a
successfully incorporation of Ag* ions in the ZnO matrix. In combination to the EDX, the
elemental mapping was conducted to study the distribution of the implanted Ag* ions in the
ZnO matrix. All the constituent elements are shown to be uniformly dispersed within the host
matrix. Furthermore, Rutherford backscattering spectroscopy (RBS) measurements were
conducted to corroborate the presence of Ag on ZnO films. RBS raw data of pristine and Ag*
ion implanted ZnO NR films were compared and the spectra (Figure Al, given in Appendix
A) show Zn as the main constituent element compared to O. A very small yield is noted for the

Ag peak, which was further noted to gradually increase as the ion fluence was increased.

Table 6. 3: Elemental composition of pristine and Ag* ion implanted ZnO.

Element Atomic percentage (%)
ZnO 1.0x10% 2.0x10%® 3.0x10% 1.0x10'® 3.0 x10'°
Zn 64.81 63.19 60.38 59.58 63.57 65.44
O 18.79 20.05 21.67 17.85 30.74 23.90
C 19.41 16.73 17.85 26.10 15.04 9.84
Ag 0.00 0.03 0.09 0.38 0.59 0.82
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Figure 6.6: Elemental mapping images of Ag* ion implanted ZnO at fluence of 3.0 x 10%

ions/cm?.

6.3.3 Atomic Force Microscopy (AFM)

Figure 6.7 displays 2D and 3D AFM images of ZnO films following Ag" ion implantation. The
1D nanorod morphology is further confirmed, and no grains or any agglomerates are noted on
the surface of the nanorods, thus inferring a successful assimilation of the Ag* ions into the

nanorods. The 1 um? micrographs were statistically analysed to obtain the physical properties
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such as surface roughness and grain height, which are given in Table 6.4. The surface roughness
(Rmms) tends to considerably intensify with increase in Ag* ion fluence up to fluence 3 x 10%°
ions/cm?. Above this, there is a decline in the Rms. Even though a decrease was observed
beyond this fluence, the Rms was still however more pronounced compared to that of the
pristine ZnO film. Rms can be associated with the sensitivity of the intersection angle between
neighbouring grains. Its increase could show a likelihood of the creation of a micro-void
structure and sputtering events on the growing films from the ion implantation process [240].
On the other hand, the decrease in the surface roughness at high fluences during ion

bombardment might be due to the increase in surface diffusion processes [240, 241].

0.28 ym
023 uym
0.00 pm 0.00 ym
0.29 ym 0.45 pym
0.00 pm 0.00 ym
029 um
0.29 pm 0.00 um

0.00 ym

Figure 6.7: Three-dimensional (3D) AFM tapping mode images of low energy (a) pristine and
Ag" ion implanted ZnO samples at fluences of (b) 1x 10 (c) 2x 105, (d) 3x 10%, (e) 1x 107,

and (f) 3x 10 ions/cm?.
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Table 6.4: Surface statistical AFM analysis of the Ag* ion implanted films.

Ag* ion fluence Ra Rrms Ra/Rrms Grain height
(ions/cm?) (nm) (nm) (nm)

0 122.2 18.69 6.54 278.20
1 x10% 118.5 24.50 4.84 234.65
2 x10% 158.8 36.55 4.34 331.81
3 x10% 269.3 55.66 4.78 426.99
1 x10% 175.0 39.09 4.48 292.35
3 x10% 141.6 37.33 3.79 289.9

6.4 Optical Analysis
6.4.1 Absorbance

The measured absorbance spectra of the pristine and Ag* ion-implanted ZnO NRs samples are
compared to assess the impact of Ag" ions on the optical response of ZnO NRs. A strong
dependence of the absorbance on Ag* ion fluence is established. The spectra given in Figure
6.8 show significant augmentation in the visible light absorption spectra of Ag* ion-implanted
ZnO NRs. The ZnO NR film implanted with Ag*ions of fluence 1.0 x10% ions/cm? showed
the highest increase in the visible region of about 42%. Moreover, a shift of the absorption edge
towards the visible region was noted upon implantation of ZnO NRs with Ag* ions. The red-
shift in the absorption edge intensifies as more Ag* ions are introduced onto the host lattice,
indicating a clear dependence of light absorbance on the presence of Ag™ ions. This shift signals
the possibility of electronic structure alteration as instigated by Ag* ion implantation. Red-
shifting to higher wavelengths and enhanced absorption has been reported for Ag* implanted
Zn0 [222, 242].
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Figure 6.8: Absorbance spectra from pristine and Ag* ion implanted ZnO samples.

6.4.2 Extinction (kx) coefficients

The extinction (kx) coefficient of the pristine and Ag* ion implanted films was also determined.
Figure 6.9 shows the dependence of kx on the fluence of implanted Ag* ions. The plot shows
that kx of the Ag* ion implanted ZnO film is much greater than that of the pristine ZnO sample
in the visible region. This distinct enhancement of the extinction coefficient in the visible light

region is understood to be due to increase in impurity concentration [175].
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Figure 6.9: Strong dependence of the extinction coefficient (kx) on Ag*ion fluence.

6.4.3 Optical band gap

Intrinsic and extrinsic defects lead to alteration of the electronic structure thus resulting in
variation of the optical bandgap. The influence of impurity dopants on the optical properties of
SMOs depends not only on their concentration but also on the fabrication or incorporation
itinerary. Previous studies have reported an increase in the bandgap of ZnO upon Ag doping,
using the wet chemical synthesis route [33]. The intensification of the Burstein-Moss effect is
attributed to cause this increase, resulting in enhancement of the Fermi level in the conduction
band of ZnO. Usually, the increase in the charge carrier concentration is also associated with
the latter [243, 244]. The optical energy bandgaps (Eg) of pristine and Ag* ion-implanted ZnO
NRs were estimated from the Tauc model. The extrapolation of the linear fragments of plots in
Figure 6.10 gave an estimation of the bandgap, E4. The bandgap of the undoped ZnO was
estimated to be 3.25 eV, which is not much divergent from that found in the literature [239].
The calculated Eg values are given in Table 6.5. An overall decrease in the bandgap is observed,
proportional to the fluence of Ag* ions. The red shift of the calculated bandgap is explained to

be due to the creation of extra intermediate energy levels between the conduction and valence
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bands [243]. Bandgap constriction upon Ag® ion implantation is also associated with the
disturbance of the structural periodicity. According to Imran et al [222], induced-local defects
due to Ag" ions decrease the bandgap. The donor defects levels amalgamate with the
conduction band resulting in the reduction of the bandgap of ZnO. However, after ion
implantation at fluence 3.0 x 10 ions/cm?, there was a shift towards lower wavelengths. This
shows saturation type behaviour with further increase in fluence of Ag* ions within the ZnO

matrix. Such saturation of radiation induced disorder in ZnO has been reported [245].

Xue et al have reported that the increase in the band gap of high fluence implanted ZnO films
is due to the formation of agglomerates/clusters during implantation [246]. The observed
variation of Eqcompared to the bare ZnO NR film illustrates the creation of some imperfections
or defects in the host lattice during Ag* ion implantation, which affects the electronic properties
of the ZnO [222]. Accumulation of impurities results in impurity band formation as the
localized defect states create shallow defect bands within the SMO system leading to reduced
repulsion between the CB and VB band. This occurrence infers significant bandgap reduction
[246, 247]. Depending on their nature, the local defects can also serve as electron sinks and
trap the photoexcited negative charges thus delaying recombination, hence leading to
enhancement of photocatalytic activities. The degree of induced lattice deformation is evident

in the optical properties of implanted ZnO.
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Figure 6.10: Tauc plots used to determine the optical band gap (Eg) of (a) pristine and (b) Ag*
ion implanted ZnO films.
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6.4.4 Urbach energy

A linear relationship of the exponential behaviour of the absorption coefficient (Ln o) against
the photon energy (hv) for pristine and Ag* ion implanted ZnO nanorods is illustrated in Figure
6.11. The reciprocal of the gradient of the plot was determined as the Urbach energy, Eu. The
calculated Urbach energies of each sample are presented in Table 6.4. ZnO NR film implanted
at fluence of 3.0 x 10% ions/cm? has shown to give the lowest band tail energy of 0.65 eV,
though it did not show the lowest band gap reduction. Overall, both the optical band gap and
Urbach energies of ZnO are observed to decrease upon Ag* ion implantation as shown in Table
6.5. The similarity of the observed trend of these two parameters with that of the lattice
parameters and peak shifting from XRD analysis (subsection 6.2.1) suggest contribution from

the induced lattice distortions.
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Figure 6.11: Ln a against photon energy for pristine and Ag* ion implanted ZnO NRs.
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6.4.5 Skin depth and optical conductivity

In addition to the absorption coefficient (o), extinction coefficient (kx) and optical band gap
(Eg), the optical conductivity (oopt) and skin depth (¢) also play important roles and can thus be
analysed to predict the efficiency of materials in photo-absorption-related applications. The
spectral distribution of the skin depth and the optical conductivity are shown in Figure 6.12
and 6.13, respectively. The differences in the two parameters are noted to change as a function
of the fluence of the implanted Ag™* ions. The decrease in the skin depth (i.e the penetration
depth of the photons), indicates an increase in the conductivity of the materials upon ion
implantation. This variation proves that as Ag* ions assimilate in the ZnO matrix they enhance
the photo response of the host ZnO, thus leading to increase in the optical conductivity of the
implanted samples. It has been shown that the increase in photo-conductivity signals the
creation of intermediary energy levels between the valence and the conduction bands [248].
These results further corroborate the alteration of the electronic structure and indicates that the
implantation of Ag™ ions is a suitable approach to modify the optical characteristics of ZnO for

photo-absorption applications.
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Figure 6.12: The variation of skin depth with the fluence of Ag* ions.
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Table 6.5: Calculated optical band gaps (Eg) and refractive index (n) of pristine and Ag* ion

implanted samples.

Sample ID Eg (eV) Eu (MeV) N

Pristine ZnO 3.25 896 2.069
1.0 x 10 Ag-ZnO 3.21 709 2.094
2.0 x 10*° Ag-ZnO 3.16 664 2.125
3.0 x 10%° Ag-ZnO 3.11 650 2.156
1.0 x 10% Ag-ZnO 2.93 773 2.267
3.0 x 10'® Ag-ZnO 3.18 886 2112
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Ag" ions were successfully implanted into ZnO NRs. The structural and optical properties of
ZnO were investigated and found to be both influenced by Ag™ ion fluence. XRD and Raman
analyses confirmed the hexagonal wurtzite crystallographic structure of ZnO which was not
altered by the implanted Ag* ions. The presence of Ag* ions was noted by a variation in the
FWHM, the peak intensity, and 26 Bragg angles. XRD profiles indicated a higher degree of
deterioration of the film’s crystallinity with increase in the Ag™ ion fluence. The crystallite
size of the ZnO nanorods was found to decrease from 56 nm to 24 nm as calculated from
Scherrer equation. A redshift in the optical absorbance was noticed, coupled with pronounced
absorption in the visible light range. Further optical analysis showed that the reduction of the
optical band gap from 3.25 eV for pristine ZnO to a lower value of 2.93 eV was achieved by
implantation of 1.0 x10%® ions/cm? of Ag* ions. However further increase in the Ag* fluence
resulted in the increase of the band gap to 3.18 eV. The calculated energy band gap was found
to contribute to the increase in the calculated refractive index. A corroboration between
structural lattice deformation induced by Ag* ion implantation and optical response was
established. The results demonstrate that low energy Ag* ion bombardment resulted in either
substitutional or interstitial implantation with synergistical modification of the physiochemical
and electronic properties of ZnO NRs as observed by reduced crystallite size for increased
number of active sites; enhanced and extended spectral response of ZnO towards visible light
and solar utilisation and reduced band gaps which enables rapid formation of electron/hole
pairs due to minimum required energies for photoexcitation. Considering the results, it can be
concluded that the implantation of Ag* ions can be adopted as an effective and efficient
approach to modify the structural and optoelectronic properties of ZnO NRs for visible light

driven photocatalytic applications.
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CHAPTER 7: RESULTS AND DISCUSSION Il1: Carbon ion implanted ZnO NRs

7.1 Overview

In this chapter a detailed study of the structural, morphological and optical properties of carbon
implanted ZnO nanorods films is presented. The degree of lattice distortion incurred during ion
implantation is investigated by calculating microstructural and crystallographic parameters
using a combination of mathematical models expounded in chapter 3. Raman and FTIR
spectroscopy have been used to further examine the structural and chemical bonding properties
of the carbon implanted ZnO nanorods. The Tauc plot method has been implemented to study
the optical band gap of the samples. ZnO nanorods implanted with C* ions at fluence of 1 x
10%5, 2 x 10%5, 3 x 10%, 1 x 10% and 3 x 10'® ions/cm? are hereafter referred to as Cl1Z1, ClIZ2,
CliZz3, Cliz4 and CIIZ5, respectively. The results discussed in this chapter have been

submitted for publication in a manuscript format in Optical materials journal.

7.2 Structural Studies of Carbon ion implanted ZnO

7.2.1 XRD analysis

The XRD profiles of the carbon ion implanted ZnO NRs are as shown in Figure 7.1. Diffraction
peaks observed across all samples at 20 angles of about 32.2, 34.8, 36.6, 47.9, 63.3 and 73.2°
were assigned as the corresponding (100), (002), (101), (102), (103) and (004) planes. The peak
positions are considered to be consistent and well matched with a hexagonal wurtzite structure
[23] [249] [250] [251]. Furthermore, the acquired XRD profiles depict no secondary phase or
carbon related reflections, indicating that the incorporated carbon ions do not alter the

fundamental hexagonal wurtzite structure of ZnO.
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Figure 7.1: 20 XRD profiles of carbon implanted ZnO at fluences of 1.0 x10® (Cl1Z1), 2.0
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To investigate the effect of carbon ion implantation on the crystal lattice, parameters of the
prominent 002 peak were thoroughly inspected. Significant discrepancies in the peak intensity,
peak broadening (FWHM) and peak position, as a function of carbon ion fluence are noted.
These inconsistencies suggest lattice distortion as instigated by carbon ion implantation. Non-
uniform peak shifting to both lower and higher 20 angles is noted upon carbon ion implantation.
Previous studies have explained that a shift to higher angles denotes substitutional doping,
whereas interstitial doping results in the peak shifting to lower 20 angles [252, 253]. Moreover,
the shift in the peak position is an indication of the type of strain induced by the incorporation
of dopant ions. Compressive and tensile strain are associated with the occurrence of lattice
imperfections, with a shift towards higher angles signifying compressive strain and the latter
being characterised by opposite shift towards lower angles [254]. Figure 7.2 shows variation
in the peak intensity, accompanied by a noticeable peak width augmentation (FHWM). This
observation reflects a reduction in the crystallinity of the films. Similar to Ag* ion implantation,
implanted carbon ions lose their energy in the ZnO lattice through nuclear collisions and
electronic energy loss, resulting in the formation of point defects such as interstitials, vacancies,

etc. by displacement of the host atoms which would deteriorate the nanorod crystallinity [255].

The increase in FHWM of C* implanted ZnO also suggests a systematic decrease in the
crystallite size. It is observed that peak broadening is proportional to the carbon fluence, thus
inferring that crystallite deterioration and lattice disordering escalates linearly with an increase
in carbon ion concentration. An alteration of the crystallite size of ZnO upon doping has been
reported [254, 256]. The microstructural information given in Table 7.1 shows an increase in
the interplanar spacing for Cl1Z1, Cl1Z2 and Cl1Z4, showing an expansion of 0.06%, 0.04%
and 0.006%, respectively. By comparing the value of the implanted ZnO with that of the
pristine ZnO, it is apparent that the Cl1Z1 has experienced the highest but not much augmented
degree of expansion.

Quantitative estimations of the crystallite size (Ds) and lattice parameters (c) of carbon ion
implanted ZnO samples were determined using a series of equations as previously discussed in
chapter 3. The lattice parameter ¢ of the C* ion implanted samples deviate significantly from
that of the unimplanted ZnO NRs film. Expectedly, an alteration to lower angles resulted in
increase of the lattice parameter c, signifying lattice expansion. On the other hand, lattice

shrinkage was noted for samples which depicted a shift towards higher angles. Previous studies
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involving density function theory simulations have projected that implantation of C* ions is
most likely to result in substitution of the O-atom than Zn-atom, which consequently ensues
lattice expansion attributed to the difference in atomic radii of C, O and Zn of ~0.91, 0.63 and
1.53 A [256-261]. Nevertheless, lattice expansion can also be induced by lattice defects or
interstitial occupancy of the implanted ions [257, 262]. Carbon atoms show a remarkable
substitution preference at lower fluence of carbon ions [253]. The unlikely substitution of Zn?*

ions by implanted C* could disrupt the hexagonal crystalline structure.

Table 7.1: Calculated lattice parameters of pristine and C* ion implanted ZnO films.

Parameter Pristine Cliz1i Cliz2 Clzs3 Cliz4 Clz5
26° (002) 34.866 34.846 34.853 34.879 34.864 34.871
FHWM (°) 0.148 0.169 0.172 0.189 0.200 0.287
Ds (nm) 56.3 49.4 48.3 44.0 41.6 29.0
d- spacing (A) 257336 257501  2.57429 257244 257341 2.57301
a(A) 3.2131 3.2174 3.2155 3.2171 3.2192 3.2192
c(A) 5.1467 5.1500 5.1486 5.1449 5.1470 5.1460
5 (lin/m?) 3.15 4.14 4.26 5.15 5.78 11.86
€22 X102 (%) - 6.40 3.61 -3.61 5.56 -1.39
o; (GPa) -0.290 -0.164 0.164 -0.252 0.631
SF 0.000117  0.000133 0.000136 0.000149 0.000158  0.000226

A negative peak shift of -0.02° was noted at the lowest fluence (1.0 x10% ions/cm?). In contrast,
at 3.0 x10% ions/cm? the uppermost positive shift by 0.013° resulted in the maximum observed
lattice contraction; therefore, it can be suggested that injection of more carbon atoms boosts
the possibility of partial substitution of lattice oxygen by carbon atoms as well as the presence
of interstitial carbon atoms in the ZnO lattice. Similar trend was established by Kumar et al
[253]. who reported that during implantation of C*ions in ZnO, at lower fluences carbon ions

tend to occupy substitutional sites whereas at higher concentration they partially occupy
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interstitial positions. Just like in the case of TiOg, a stoichiometric ZnO favours the inclusion

of C atoms in interstitial locations, while rich in oxygen vacancy ZnO favours the substitutional

inclusion of carbon in oxygen occupied sites [263]. The variation in the extracted parameters

implies the possibility of implanted C atoms being located at both the substitutional and

interstitial (Ci) sites. The results also suggest the possibility of complex defects as induced by

the carbon atoms. The calculated microstrain is noted to increase upon introduction of C* ions.

This growth in the magnitude of the microstrain post implantation is assumed to be due to the

generation of defects which induces crystal imperfections, dislocations as well as stacking

faults within the ZnO lattice [253].

Table 7.2: The calculated bonding and crystallographic properties of pristine and C* ion

implanted ZnO.

Parameter

Positional
parameter, [

(A)

nearest-neighbour
bond
(A)

nearest-
bond-

second
neighbour
length, L1
A)

Crystal lattice

distortion, R

APF (%)

number of the unit
cells, n

\Y

Pristine

0.3799

1.9553

3.1914

1.0195

75.490

2 030 560

93 484 999

CllZ1

0.3801

1.9576

3.1925

1.0202

75.546

1358 891

62 774 734

59 551 860
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CllZ2

0.3799

1.9560

3.1926

1.0195

75.489

1292 156

CllZ3

0.3802

1.9559

3.1890

1.0205

75.563

974 300

44 893 977

Cliz4 Cllz5
0.3796 0.3799
1.9538 1.9552
3.1932 3.1909
1.0183 1.0196
75.400 75.496
824658 278539

37881742 12820331



7.2.2 Raman analysis

The structural disorder, residual stress, and crystal defects in the crystal structure of the ZnO
was investigated through Raman analysis. The acquired Raman spectra of the samples are as
depicted in Figure 7.3. Several factors including spatial confinement, structural disorders and
induced defects are known to cause significant shift in phonon frequencies. According to the
group theory, a wurtzite ZnO is characterised by six Raman optical modes which are grouped
as A1+2B1+E1+2E> [23]. The two non-polar E> modes are known as the Eziow and Eznigh, which
are associated with the vibration mode of the Zn sub lattice and oxygen atoms, respectively
[151]. Figure 7.4 (a-d) show individual enlarged parts of the spectra to illustrate the peak
positions and symmetry of the observed vibrational modes. E2iow and Eznigh are indicated in all
samples, and were both noted to decrease in intensity upon the injection of carbon ions. This
reduction confirms the existence of carbon impurities which destructs the translational crystal
symmetry. In addition, peak shifting and reduction of their intensities have been ascribed to the
crystal distortions or defects in the host framework, as induced by the dopant ions [264]. The
existence of the Eziow and Eznigh across all samples indicates that the wurtzite structure of ZnO
was not destroyed. A disordered phase is noted between 120 and 200 cm™, shown in Figure
7.4a. This phase was not observed in pristine ZnO and its presence is thus associated with the
presence of carbon ions. The polar mode of A1(LO) associated with the defects is shown to be
amplified (intensity and FHWM) and shifted to lower Raman shift upon carbon injection.
Interstitial carbon induces more complex features compared to substitution carbon [263].
Additional two distinct peaks, ascribed as the disorder (D) and graphitic (G) modes were
observed at high ion fluence (Cl11Z4 and CI11Z5) at ~1330 and 1600 cm™. It is hence possible
that these peaks are as a result of carbon clusters in the crystal. The two modes are ascribed to
the local vibrations of the sp? and sp® hybridized carbon, respectively [265]. It is also evident
that the intensity of G- mode is more enhanced for the Cl1Z4 and the intensity decreases for
ClIZ5 film. This concurs with what has been previously reported [266]. The degree of
graphitization Ip/lg was calculated, and found to be less than 1, with values of 0.6 and 0.03 for
the Cl1Z4 and CI1Z5, respectively. This alludes that the carbon ion fluence used did not cause

amorphization.
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Figure 7.3: Wide range micro-Raman spectra of pristine and carbon implanted ZnO samples.
(The purpose of the dotted lines is to assist in observing and tracking the changes related to

peak positions and their intensities).
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ZnO samples to illustrate the peak positions and symmetry of the observed vibrational modes.

723 FTIR

The surface chemistry and vibration modes of ZnO and their divergences as influenced by the
presence of carbon ions were analysed from acquired IR spectra depicted in Figure 7.5. Several
characteristic Zn-O bond peaks were observed at frequencies of below 700 cm™ from all
samples. The presence of the carbon implanted molecular species was confirmed through the
emergence of additional absorption bands as well as a variation in intensity of the pre-existing
peaks, with respect to the carbon composition. The vibration peak at 610 cm™, ascribed as the
Zn-0O bond, was noted to degrade substantially with carbon ion implantation and also shifted
to higher frequencies at higher carbon ion fluences. Additionally, the decreased absorbances of
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the Zn-O peaks with increased carbon fluence suggests the disturbance of the O-Zn-O bond
and rearrangement of the chemical bonds within the ZnO films [267, 268]. This is in correlation
with the XRD and Raman analysis, as they both indicated that the crystallinity of the films was
reduced with increase in carbon fluence. Interestingly, residual bands are noted around 780 and
910 cm™* attributed to the out-of-plane stretching vibrations of the C—O bonds [267]
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Figure 7.5: FTIR spectra showing variation of the functional groups in carbon ion implanted

ZnO at different fluences.

7.3 Morphological Analysis
7.3.1 Field Emission Scanning Electron Microscopy (FESEM)

The effects of carbon ions and ion fluence on the morphology of ZnO is investigated. Figure

7.6 are images obtained using FESEM imaging. Dense vertically aligned nanorods were
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observed. The diameters of the nanorods were found to be ranging between 66 and 115 nm.
The compositional analysis of the samples was investigated through the EDX technique. A
single EDX spectrum of the ZnO implanted with carbon ions at fluence of 1.0x10%° ions/cm?
is given in Figure 7.7. The figure shows peaks that correspond to the Zn, O and C atoms. A Si
peak is noted, which originates from the substrate. It is worth to note that palladium (Pd) was

used for coating the samples to reduce charging effects. EDX analysis showed that the carbon

atomic weight percentage is increasing.

Figure 7.6: High magnification field FESEM micrographs of carbon implanted samples at 1.0
x 10%° (Cl11Z1), 2.0 x 105 (Cl11Z2), 3.0 x 10'5(C11Z3) and 1.0 x 10 (C11Z4).
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Figure 7.7: EDX spectrum and elemental mapping analysis of ZnO NRs implanted with carbon

ions at fluence 1.0 x10% ions/cm?.

7.3.2 Atomic Force Microscopy (AFM)

AFM was employed to study the surface morphology of the carbon implanted ZnO films.
Figure 7.8 shows 3D surface topography images of ZnO films before and after C* ion
implantation. All the images show well defined vertically aligned structures, which is in
agreement with the FESEM analysis. Some variation in the appearance of these structures is
noted. Cl1Z1 and Cl1Z2 show very sharp tips, however the sharpness tends to decrease upon
implantation of a higher fluence of carbon ions. The specific statistical analysis of the AFM
micrographs (1 x1 pm?), given in Table 7.3 indicates a variation of morphological parameters.
As the implanted carbon ion fluence increases, there is a significant decline of the surface
roughness. Only the ZnO implanted at fluence 3.0 x10% ions/cm? showed an increase in the
surface roughness. This increase in Rms indicates the possibility of the formation of the micro-
void structure on the growing films. On the other hand, another contributing factor of increased
roughness during ion bombardment could be the surface diffusion processes. The length of the

nanorods is also noted to change upon ion implantation.
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Figure 7.8: 3D topography images of (a) pristine and carbon implanted samples (from b-f) at
1.0 x 10%, 2.0 x 10?®, 3.0 x 10%°, 1.0 x 10* and 3.0 x 10 ions/cm?.

Table 7.3: Variation of AFM parameters of carbon ion implanted ZnO.

C* ion fluence (ions/cm?) Ra Rrms Grain height
(nm) (nm) (nm)
Pristine 122.2 18.69 278.20
1x10%° 57.8 16.39 234.65
2 x10%° 47.5 11.59 331.81
3 x10% 54.1 12.78 426.99
1 x10%6 103.3 14.92 292.35
3 x10'° 104.9 22.03 345.65

7.4 Optical properties of C*ion implanted ZnO NRS

7.4.1 Absorbance

The efficiency of semiconducting metal oxides in photo-induced applications is influenced by
the photon absorption as well as the utilization of the photogenerated charge carriers. Figure
7.9 shows the spectral dependence of the absorption and transmittance of ZnO NRs on C* ion
films, acquired in the wavelength range of 300-1000 nm. An enhancement and strong
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absorption as a result of carbon ion implantation is depicted in Figure 7.8a. A progressive shift
towards longer wavelengths is also noted with the transmittance spectra due to the creation of
atomic dislocations and/or structural imperfections induced by the implantation of C atoms in
the ZnO matrix [269]. These observations suggest that the band gap of ZnO is reduced as a
result of implantation. An average transmittance of 70% was recorded for pristine ZnO in the
visible region. However, upon carbon impingement into the ZnO lattice, the transmittance is

seen to exponentially decrease up to 55%.
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Figure 7.9: Absorbance and transmittance spectra of pristine and 50 KeV C"ion

beam implanted ZnO thin films at various ion fluences.

The attenuation in the transmittance due to ion irradiation has been observed and associated to
the presence of defects, the surface roughness and also the damage produced by ion
implantation. Zhang et al [270] has summarised the poor transmittance of carbon implanted
ZnO films to be as a result of increased light scattering as persuaded by the presence of crystal
defects. The influence of the morphology, surface roughness and scattering from surface as
well as the presence of impurities and lattice structure defects on the photon absorption rate is

scrutinized. There was a noted gradual decrease of the crystallite size upon C* ion implantation,
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and the variation of both the transmittance and absorbance spectra is not directly relative to the
crystallite size, hence the possibility of the correlation of the quantum confinement effect with
optical properties is ruled out for this study. However, the possibility of contributions from the
lattice distortion or defects cannot be excluded.

7.4.2 Absorption (a) and extinction coefficient (kx)

The effect of the C* ions was investigated through calculation of the absorption coefficient (o)
and the extinction coefficient (kx). The dependence of the absorption coefficient of the carbon

implanted ZnO on the photon energy is as presented in Figure 7.10. The plots demonstrate that

both o and kx are more pronounced for carbon implanted samples compared to virgin ZnO,
even though the increase is not linearly dependent on the ion fluence. The variation in the
absorption and extinction coefficients reveal that the carbon ions are definitely incorporated

into the ZnO lattice thus modifying its crystal and electronic structures.
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Figure 7.10: Spectral (a) optical absorption and (b) extinction coefficients of pristine and

50 KeV C* ion beam implanted ZnO thin films with varying ion fluence.

7.4.3 Optical band gap

The calculated absorption coefficient (o) was used to determine the optical band gap of the
carbon implanted ZnO NRs. The linear part of the Tauc’ plots (given in Figure 7.11) was
extrapolated to estimate the optical band gap. A disparity is noted, with values of 3.20, 3.22,
3.25,3.17 and 2.97 eV estimated as the optical band gaps of C* implanted ZnO at fluence of 1
x10%°, 2 x10%°, 3 x10%, 1 x10% and 3 x10*® ions/cm?, respectively. The results show that the
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band gap decreases upon carbon addition with a maximum reduction of 9% recorded at a

fluence of 3 x10% ions/cm?.

The substantial difference in the optical band gap of carbon implanted ZnO can be explained
by considering the C* induced modifications. A reduced band gap facilitates rapid
photoexcitation of electrons from the conduction band, hence resulting in an increase in the
electron flow [255]. Several factors are discussed as possible band gap reduction mechanisms;
however, it should be noted that without further analysis it will be difficult to possibly conclude
on a distinct mechanism. Substitution of carbon species into the ZnO lattice introduces isolated
impurity bands of C (2p) between the conduction and valence bands, which often appear above
the Fermi level [271]. These states serve as freeway for electrons to swiftly transfer into the
CB upon photoexcitation. Additionally, a bandgap diminution has been attributed to oxygen
vacancies generated during ion implantation [272]. The existence of free carbon and other
defects present also contribute to the constriction of the band gap. Cl1Z4 and CI11Z5 have the
lowest band gaps, and features attributed to the graphitic carbon were noted from their Raman
spectra. The optical band gap change may also be contributed by the change of the bond lengths

and angles.
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Figure 7.11: Tauc plots for optical band gap determination for pristine and ZnO NR films
implanted with carbon ions of fluences of 1.0 x10%°, 2.0 x10%°, 3.0 x10%°, 1.0 x10% and 3.0
x10'® denoted as Cl1Z1, Cl1Z2, C11Z3, Cl1Z4 and ClI1Z5, respectively.

7.4.4 Urbach energy

A linear fit of the plot given in Figure 7.12 was used to determine the Urbach energy (Eu).
Contrary to the expected results, the calculated Ey were found to decrease upon carbon ion
implantation, however there seem to be no dependency of the Ey on the concentration of the
implanted carbon ions. The reduction in E, means a decrease in the population of surface-
related defects. This may be caused by the interaction of implanted carbon atoms to the
neighbouring lone O 2p states of O atoms thus creating C-O bonds by either the substitution of
C atoms at the Zn-vacancies or interstitial defects of Ci. Therefore, reduced unpaired/dangling
O 2p bonds or Vz, means a reduction in the defects produced. The observed Ey trend is

analogous to our previous studies on Ag* ion implantation [255].
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Figure 7.12: Photon energy dependence of In o for pristine and ZnO NR films implanted with
carbon ions at fluences of 1.0 x10%°, 2.0 x10%°, 3.0 x10%°, 1.0 x10% and 3.0 x10 denoted as
CliZ1, Cliz2, Cliz3, CliZ4 and CIIZ5, respectively.

7.4.5 Skin depth and optical conductivity

The variation of two important parameters related to the absorption of photons within the thin
films, i.e., the skin depth and optical conductivity, were investigated. As previously defined in
chapter 6, the skin depth also known as the penetration depth (¢) is simply defined as the depth
beneath the surface. This parameter is influenced by the dimensions of the frequency and the
conductivity of the incident wave. Figure 7.13 illustrates discrepancies of the calculated skin
depth for pristine and C* ion implanted ZnO NRs. The graph depicts a clear reduction of the
skin depth as both the photon energy and fluence of C* ions increase. It is also observed that
the optical conductivity, shown in Figure 7.14 increases substantially with the increase of the
photon energy. With emphasis on the effect of the implanted C* ions, the optical conductivity
is noted to be more enhanced at higher fluence of C* ions. The increase of the optical

conductivity at higher energies is attributed to electrons excited by photon energy [273].
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Figure 7.13: Photon energy dependence of skin depth for pristine and ZnO NR films implanted
with carbon ions at fluences of 1.0 x10'°, 2.0 x10%°, 3.0 x10%, 1.0 x10'® and 3.0 x10'® denoted
as ClIZ1, CliZ2, Cl1Z3, CliZ4 and CIIZ5, respectively.
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Figure 7.14: Photon energy dependence of skin depth for pristine and ZnO NR films implanted
with carbon ions at fluences of 1.0 x10*°, 2.0 x10%°, 3.0 x10%, 1.0 x10*® and 3.0 x10*® denoted
as Cl1Z1, CllZ2, Cl1Z3, CliZ4 and CIIZ5 respectively.

Table 7.4: Calculated optical band gaps (Eg) and refractive index (n) of pristine and C* ion

implanted samples.

Sample ID Eg (eV) Eu (MeV) n

Pristine ZnO 3.25 896 2.069
1.0x 10" Cliz 3.20 759 2.100
20x 10" Clz 3.22 695 2.088
3.0x10®Clz 3.25 828 2.069
1.0x 10 CliZz 3.17 625 2.119
3.0x10% Cliz 2.97 681 2174
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Carbon (C*) ions were successfully implanted onto the ZnO lattice structure. Analysis of the
XRD interfaces, Raman and FTIR spectra indicate a variation in crystallographic and
microstructural parameters, confirming the successful implantation of C* ions in the ZnO and
the induced lattice damage thereof. The crystallite size was found to decrease from 56.3 to 29.0
nm. The decrease in the crystallite size is exceptionally dependent on the fluence of the
impinged C* ions, whereas other structural parameters such as the strain and lattice constants
are influenced by the location of the implanted ions in the ZnO lattice. The obtained data
suggests a substitutional settling at lower fluences and interstitial settling at higher fluences,
which resulted in lattice expansion and compression, respectively. Bombardment of the C* ions
result in an enhancement of the optical absorption in the visible light region and a redshift of
the optical band gap. A significant reduction of the optical band gap from 3.25 eV to 3.08 eV
was also observed. The decrease was associated to the creation of the impurity band between
the conduction band and the valence band. Moreover, contributions of various mechanisms for
band gap variations are discussed. The results demonstrate a strong correlation between the
induced lattice distortions and the optical properties. We thus conclude that ion implantation
of ZnO with C* ions at a low energy of 50 KeV induces structural damage which leads to

changes in the optoelectronic properties.
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CHAPTER 8: RESULTS AND DISCUSSION IV- Silver (Ag*) and Carbon (C*) co-
implanted ZnO nanorods

8.1 Overview

Chapters 6 and 7 have discussed the effects of mono Ag™ and C* ions implantation on the
structural, morphological and optical properties of ZnO nanorods. In this chapter, results on
the co-implantation of the two ions are discussed. The impact of co-implantation on the
structure of ZnO was studied through analysis of calculated microstructural and geometric
crystallographic parameters from the measured XRD profiles. The FTIR and Raman
spectroscopy were used to corroborate the microstructural analysis. This chapter further
discusses the variation of morphology in ZnO thin films following 50 KeV Ag*- C* co-
implantation which caused substantial modification of the optical properties such as the

absorbance, energy band gap and the optical conductivity.

8.2 Structural properties

8.2.1 X-ray diffraction (XRD) studies

X-ray diffraction profiles of Ag*-C* co-implanted ZnO NRs are presented in Figure 8.1. The
XRD profiles exhibit similarities, and the peaks are indexed to a hexagonal wurtzite structure
[274-276]. This implies that co-implantation of Ag* and C* ions in the ZnO lattice did not
change its wurtzite structure. Increasing the ion fluence results in a drastic decrease of the
intensity of the 002-peak, indicating an alteration of the crystal quality. The observed profiles
infers that the implanted fluence is less than the amorphization threshold as the preferred c-
axis orientation was not totally disrupted by the presence of the co-implanted ions. Neither
phase transformation nor new phase segregation is observed. The broadening of the 002 upon
co-implantation of ZnO exhibits a very similar behaviour as previously reported for Ag* or C*
single ion implantation [253, 255, 277]. The phenomenon signals grain size reduction and/or

decrease in the lattice volume fraction.
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Figure 8.1: (a-e) XRD profiles of the Ag*-C* co-implanted ZnO films at varying fluences as
labelled. (f) detailed inspection of the 002 peak of 1 x10%°, 2 x10%, 3 x10%°, 1 x10% and 3 x10

ions/cm? Ag*-C* co-implanted ZnO film.

The observed peak shifting is strongly credited to the charge transfer happening amid edge
terminated lone pairs of the ZnO and implanted ions which induces lattice distortion [278]. The
contribution of the nature of the strain type and its effects on lattice distortions and defect
formation are more emphasised by variation of the peak position and the interatomic d-spacing.
The simultaneous broadening and shifting of the reflection planes can be measured to estimate
the microstrain and lattice parameters. The change in the intensity and FWHM of the prominent

002 peak with ion fluence is illustrated in Figure 8.2.
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Figure 8.2: A plot to show the change of (a) the 002 peak intensity and (b) the ion fluence for
ZnO NRs samples co-implanted with Ag* and C* ions at 50 KeV (dashed lines are drawn as a

guide).

Lattice strain is calculated to estimate the effect of the ion implantation, hence in equation 3.13,
the couik and crim Were taken as the lattice parameter cp of the pristine and implanted sample,
respectively. Lattice distortion as a result of co-implantation of Ag™ and C* ions is established,
represented by the change of various calculated parameters from equations previously
discussed in section 3.4.1. The deviation of atoms from their ideal sites in the host framework,
causes change in the atomic distances relative to the pristine ZnO film. Ag® ions exhibit much
affinity for substituting Zn?*, whereas C* ions preferentially substitute O%* or settles
interstitially [253, 279]. Additionally, SRIM results have predicted that at the same energy and
fluence, Ag* and C* ions have different depth penetration(range) and produce different levels
of collision events. Co-implantation of these two ions results in non-uniformly distributed

lattice distortion.

Results in Table 8.1 and Table 8.2 indicate that the calculated microstructural parameters of
the co-implanted ZnO NRs follows a similar trend. For instance, an increase is initially noted
for the bond length (L), the lattice parameter ap, and the stacking fault probability at fluences
of 1 x10%° and 2 x10% ions/cm?. However, at 3 x 10'° jons/cm? an opposite effect is noted as a
decline is observed. Upon increasing the fluence to 1 x10% ions/cm? and 3 x 10% ions/cm?, an
increase reoccurs for the aforementioned parameters. Considering the effect of the fluence of
the co-implanted ion species on the crystallite size, a decrease from 56.3 nm to 50.8 and 33.9
nm is observed at lower fluences of 1 x10% and 2 x10'® ions/cm?, respectively. At fluence of 3

x 10% jons/cm? the crystallite size is noted to increase. This increase however, is still below
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the crystallite size of the pristine sample. A further decrease is noted after implanting at

fluences of 1 x10% jons/cm? and 3 x 10%® ions/cm?, with 30.1 nm as the lowest calculated Ds.

Table 8.1: XRD extracted crystal parameters: the position of the 002 peak, interplanar spacing

(d), FWHM (), average crystallite size (Ds), and lattice parameters (ap and cp) for ZnO NR

films co-implanted with Ag* and C* ions.

Fluence

(ions/cm?)
Pristine
1.0 x10%°
2.0 x10%
3.0 x10%°
1.0 x10%
3.0 x10%

20
(002)
(@)
34.866
34.836
34.873
34.864
34.858
34.896

d

(A)
2.5734
2.5755
2.5729
2.5735
2.5739
2.5712

)
0.148
0.164
0.246
0.178
0.239
0.276
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Ds

(nm)
56.3
50.8
33.9
46.8
34.9
30.1

Lattice para.
ap; Cp
A)
3.2131; 5.1467
3.2168; 5.1510
3.2173; 5.1457
3.2141; 5.1470
3.2158; 5.1479
3.2178; 5.1424

Lattice
constant
(c/a)
1.602
1.601
1.599
1.601
1.601
1.598



Table 8.2: XRD analysis microstructural parameters of Ag*-C* co- implanted ZnO films.

Ag*-C* co-implantation fluence (ions/cm?)

Parameters
pristine  1.0x10*® 2.0x10® 3.0 1.0 x10'6 3.0 x10'6
x10%°
Lattice strain, &z - 8.34 -1.95 0.556 2.22 -8.33
x1072 (%)
Biaxial stress, 6z - -0.378 0.0845 -0.0252  -0.107 0.378
Dislocation density  3.15 3.87 8.71 4.56 8.22 11.01
(x10%* lin/m?)
Uc 2030560 1486633 441985 1165692 483144 313469

Positional parameter 0.37992 0.38000  0.38031 0.37999 0.38008 @ 0.38052

n(A)
Bond length L (&)  1.9553 19574 19570 109558  1.9566  1.9568

L1 (A) 31914 31936  3.1888  3.1912 3.1913  3.1857
L2(R) 37613 3.7655  3.7658  3.7624  3.7643  3.7661
Ls (A) 37613 37655 3.7658  3.7624 3.7643  3.7661

Stacking fault (SF) 0.00117 0.00129 0.00194 0.00140 0.00189 0.00218

8.2.2 Raman Spectroscopy

The lattice dynamics of the ZnO NRs are expounded focused on the Raman-active optical
phonon modes. The identified Raman modes depicted in Figure 8.3 are classified according to
the Brillouin centre theory [280]. Common Raman modes previously reported as ZnO peaks
are noted on the co-implanted spectra [23, 281-283]. These observed Raman peaks confirm the
hexagonal wurtzite structure which is in sync good agreement with the XRD analysis.
Variations are noted in the previously observed strong scattering of the E> modes (Eziow, E2nign),
which are considered as the Zn and O sublattices, respectively. A decrease in the phonon
scattering of the E> modes is concurrent with an increase of the disordered region. This
depiction is associated with structural disorder, grain boundaries and internal stress [284, 285].
Similarly, the A1(LO) phonon frequency is also strongly sensitive to the presence of impurities
and alteration of the free carrier concentration [233]. The displacement of the anion (O%)
sublattice is the crucial derivation for the broadening and shifting of the Eznigh mode [286]. The

125



intensity of both the Eziow and E2nigh modes appears to be suppressed upon ion implantation,
and this is observed to be dependent on the ion fluence. Similar observations for the degradation

of the E2 high mode are reported upon Li, N co implantation of ZnO [287].
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Figure 8.3: Raman spectra measurements ZnO nanorods co-implanted with Ag* and C* ions,
using fluences of 1x10%° 2x10%°, 3x10%°, 1x10'® and 3x10%® jons/cm? (energy 50 KeV). For

comparison, a spectrum of pristine ZnO NRs is also shown.

Strain can possibly affect the electronic band structure, density of electronic states and phonon
dispersion of lattice vibration [288]. The presence of induced strain manifest in Raman spectra
through shifting and broadening of specific phonon modes. Other factors such as distortions in
the lattice parameter and associated bonds strength should also be invoked for consideration of
contributing to the variation in the vibrations of the Raman spectra. The strength of the A1(LO)
peak is shown to be enhanced with increasing ion fluence. Overall, lower fluence gives a higher

intensity than the higher fluence used. It is observed that the peak intensity decreases with
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increasing ion fluence up to 3x10%° ions/cm?, then it intensifies with a further increase in the
fluence. From this observation, we can argue that increasing the amount of the dopants results
in adequate accumulation of lattice distortions to a certain threshold value as noted by the
upsurge in the intensity of the defect peak (A1 LO) at 1 x 10% ions/cm? and 2 x 10% ions/cm?.
Introducing more ions above the threshold results in a decrease of this defect related peak,

insinuating that there is a possibility of formation of defects complex.

A further increase in Ag*™ and C* ions result in the emergence of new peaks at higher Raman
shift. These two features were not identified in the Raman spectra of either pristine or Ag* ion
implanted ZnO. It could hence be projected that the nature of these two additional features
occurring at 1319 and 1590 cm™ as shown in Figure 8.3 is attributed to the presence of large
quantities of carbon. Similar peaks have been observed by Sawant et al [289] who discussed
their association with disorder or defects primarily due to sp® hybridization (D-band) and the
planar configuration of the sp>-bonded carbon structure (G-band). According to Li et al [290],
implanting additional carbon ions into the ZnO matrix results in interstitial C atom bonding
with an already prevailing CO defect, thus forming a C2 dimer.

Furthermore, a significant shift to lower phonon frequency was observed for the A1(LO),
highlighting that the ZnO crystal was subjected to tensile stress. Upon ion implantation,
radiation damage subjects the lattice to stress. As such, the phonon frequency shifts to either a
high or lower wavenumber indicating compressive or tensile stress, respectively. lon
bombardment induces defect density in the films hence distorting the host lattice as confirmed
by shifting bond lengths and subsequently resulting in residual stress. This process has been
theoretically revealed to induce phase transformations. Nyamukamba and his co-authors [291]
reported a phase transformation of TiO, from anatase to rutile when co-doped with Ag and C.
Jaiswal et al [292] have also reported a similar observation with phase transformation from
anatase to rutile when co-doping TiO2 with copper and nitrogen. This has been explained to be
due to the reconstruction of the Ti*" and O? ions in the adjacent planes caused by lattice
distortions and oxygen deficiency in the TiO lattice as Cu?* and N- substitutes Ti** and 0%
ions, respectively. Table 8.3 gives a summary of the observed vibration peaks for pristine and
ion implanted ZnO as extracted from the Raman spectra. From XRD and Raman analysis it is
conclusive that co-implantation of Ag* and C* ions at higher fluences did not result in phase

transformation, which has been noted on other semiconductors.
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Table 8.3: Raman active phonons and their wavenumber values as observed in pristine and
Ag* and C* co-implanted ZnO nanorods. BZP denotes the corresponding Brillouin zone

points or lines of the processes.

Process Fluences BzP
[293]
Pristine 1.0x10® 2.0x10%% 3.0x10'> 1.0x10%® 3.0x10%6

E2iow 96 - - - - - T

B1(nigh)- 273.9 243 - - - 295 T

Bl(ow)

E2nigh — E20w =~ 327.8 336.6 342 - - T

E2high 434 439 439 436 437 437

A1(LO) 575.7 573.6 575.9 573.0 567.9 568.4 T

TA+LO 639.4 - - - - L, H

TO+LO 1095.2 1093 1095.5 1093 1100 1096 M, L
8.23FTIR

The nature of the chemical and molecular composition of ZnO films was studied by FTIR
spectroscopy. This was done to confirm the presence and interactions of the implanted Ag* and
C" ions as well as to understand the consequence of ion fluence on the structure of the ZnO
nanorods. Figure 8.4 is a presentation of the room temperature acquired FTIR spectra of Ag*-
C* co-implanted ZnO NRs at varying ion fluences in the range of 400-1500 cm™. The existence
of Zn-O bond is revealed at ~ 600 cm™ across all samples, supporting the XRD and Raman
analysis that the wurtzite structure was not destroyed. However, a shift was observed for this
band which signals the presence of structural defects within the ZnO lattice. The presence of
implanted ions is also noted from the emergence of some well resolved absorption
shoulders/bands observed at ~400 and 900 cm*, which were previously not recorded or present
in the pristine ZnO spectrum. This indicates their presence to be mediated by the bonds formed
during co-implantation with of Ag* and C*. A predominant variation in the strength of these
bands signifies the formation of new bonding motifs between Zn, O and the implanted species.
The existence of defects is established by a variation in the transmittance as well as the
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disappearance of pre-existing peaks and presence of new bands and molecular vibrations.
Overall, the distinctions and features observed in the given infrared spectra confirm the

existence and interactions of ions in the host matrix.
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Wavenumber (cm™)

Figure 8.4: Infrared spectra of pristine and Ag*-C* co-implanted ZnO NR at varying fluences
of 1.0 x10%, 2.0 x10%, 3.0 x10%, 1.0 x10* and 3.0 x10* ions/cm?.

8.3 Morphological analysis

The variation in morphology of the co-implanted ZnO nanorods films was studied through the
FESEM and AFM techniques.

8.3.1 FESEM and AFM

FESEM and AFM images in Figure 8.5 show the morphology of the Ag*-C* co-implanted ZnO.
Differences are signified in the diameters and appearance of the tips of the nanorods. The top

view micrographs of the FESEM micrographs of implanted ZnO films, however, denotes a

more spherical end of the nanorods, compared to the sharp pointed end before implantation.
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The preserved morphology concurs with the XRD analysis which indicated that though the
films crystallinity deteriorated, a c-axis preferential growth was maintained across all co-
implanted samples. Calculated statistical parameters are listed in Table 8.4, and reveal the
effect of the co-implanted ions on the surface morphology of ZnO. Co-implanting Ag* and C*

ions lead to an interesting high increase in both Ra and (Rrms) of the films.

Figure 8.5: Top surface view FESEM and 3D AFM images showing the surface morphology
of well-aligned ZnO nanorods implanted with varying fluences of Ag* and C* ions [(a and
b)1.0 x10%, (c) 3.0 x10%°, (d) 1.0 x10%, (e) 2.0 x10*°, (f) 1.0 x10* and (g) 3.0 x10® ions/ cm?].
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Table 8.4: Surface statistical AFM analysis of the Ag*- C* co-implanted films

lon fluence Ra Rrms Grain height
(ions/cm?) (nm) (nm) (nm)
0 122.2 18.69 278.20
1 x10'° 154.1 35.58 309.74
2 x10'° 191.9 37.76 340.82
3 x10% 134.2 29.73 238.27
1 x10'6 197.9 37.17 346.10
3 x10% 135.2 36.41 239.78

8.4 Optical Properties
8.4.1 Absorbance

Optical properties of ZnO nanostructures are solidly determined by its electronic band
structure. Implantation of energetic Ag™ and C™ ions has been shown to induce crystal lattice
modifications, which can consequently amend numerous properties including the optical
properties [98]. To study the effects of Ag* and C* co-implantation, the absorbance was
measured. The absorbance spectra of pristine and co-implanted ZnO NRs are shown in Figure
8.6. The figure shows a significant enhanced absorption for ZnO co-implanted with Ag* and
C*ions at fluences of 1 x10%°, 2 x10%, 3 x10%, 1 x10*® and 3 x10%® jons/cm?. Most notably, the
ZnO implanted at 1 x10'®jons/cm? displays the most increased absorbance in the visible region.
This broadened absorption specifies a wide distribution of localized energy states within the
forbidden band [98]. Additionally, the increment of the absorbance may be associated with
electronic transition from the dopant energy level to the conduction band of ZnO [98]. The
optical absorption edge of pristine ZnO is situated at =380 nm. A shift in the absorption edge
is noted upon implanting Ag* and C* ions. The absorption edge tends to shift towards longer
wavelength of the visible light spectrum for all implanted samples. The noted changes are

related to the effects induced by the implanted ions.
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Figure 8.6: Optical absorption spectra for pristine and Ag*- C* co-implanted ZnO NRs thin

films at various fluences.

8.4.2 Extinction coefficient

Figure 8.7 shows the extinction coefficient of pristine and implanted films ZnO as a function
of Ag*-C* ion fluence. Even though samples depict higher kx values in the UV region as
compared to the visible region, a significant increase of kx for implanted samples is noted,
compared to that of pristine ZnO. This implies a higher electron concentration as possessed by

Ag*-C* co-implanted ZnO, which in turn facilitates enhanced light absorption.
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Figure 8.7: Extinction coefficient (kx) profiles of pristine and 50 KeV Ag*-C* co-implanted

ZnO NRs with varying ion fluences.

8.4.3 Band gap determination

The UV-Vis transmittance spectra were used to calculate the optical band gap of the co-
implanted samples. The Tauc plot method explained in section 3.49 was employed. The pristine
ZnO’s energy band gap was determined to be 3.25 eV, insinuating that its valence band
electrons are mostly excited by UV light. Due to the strong capability of forming impurity
compounds between energetic Ag*, C* ions and the ZnO substrates, the band gap is altered.
Figure 8.8 shows Tauc’s plots used for estimation of the optical band gap. Values of Eq were
found to be 3.17, 3.22, 3.11, 2.87 and 3.14 eV at fluences of 1.0 x10%°, 2.0 x10%°, 3.0 x10%°, 1.0
x10'® and 3.0 x10' ions/cm?, respectively, indicating a general decrease of the optical band
gap upon co-implantation of ZnO with Ag* and C* ions. At 1.0 x10® ions/cm? the lowest
optical band gap was found. The results show that the addition of Ag™ and C* can adjust the
band gap to a certain level as a result of the shift of the optical absorption edge in the visible
region. This has also been observed upon mono Ag* or C* ion implantation. Hence, we can

thus confirm the synergistic contribution of both Ag* and C* in reducing the band gap of ZnO.
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Reduction of the optical band gap results in an increased photosensitivity in the visible light
region as shown. It has been previously reported that a reduction in the band gap can be due to
a decrease of carrier density as a result of crystal disorder as the dopant atoms act as carrier

traps instead of electron donors [244].
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Figure 8.8: Tauc's plot for determining the optical band gap for pristine and 50 KeV Ag*- C*

co-implanted ZnO NRs with varying ion fluence.

8.4.4 Urbach energy

Figure 8.9 shows a plot of the Ln a vs the photon energy as a function of co-implantation ion
fluence. The linear part of the plot was fitted, and the slope of the fit was used to determine the
Urbach energy (E.) and recorded in Table 8.4. The values of the E, were found to be decreasing
following ion implantation; however, this decrease is noted not to be proportional to the

implanted ion fluence. The least E, value of 758 meV was found for the ZnO film co-implanted
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at a fluence of 1.0 x10*® ions/cm?. Contrary to previous findings showing that a higher E, gives
the most reduction in the band gap, our values indicate that the least Ey gave the lowest
calculated band gap. However; the association of higher Urbach energies to lower band gap is

still a big debate in literature.
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Figure 8.9: Ln a plots for Pristine and Ag-C co-implanted ZnO NRs at ion fluence of 1.0 x10%°,
2.0 x10%, 3.0 x10%, 1.0 x10% and 3.0 x10%* ions/cm?.

8.4.5 Skin depth and Optical conductivity

Figure 8.10 is an illustration of the influence of the co-implanted Ag* and C* ions on the skin
depth and optical conductivity (copt) parameters. The skin depth is noted to be decreasing, with
increase in the fluence of the co-implanted ions. A much-augmented increase of the optical
conductivity is noted for samples implanted at higher fluences as shown in Figure 8.11. This
sharp increase suggests a very high photo-response of the samples thus emphasising a strong
excitation of the electrons as induced by the presence of Ag™ and C* ions [295]. Furthermore,
the graph elucidates a noticeable decrease in the optical conductivity beyond fluence of 1.0 x

10'® jons/cm?, indicating an inhibition in the escalation of charge carriers, noted by the
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reduction of the optical conductivity. This sample is also observed to record the maximum
optical conductivity in the visible region. The increment of the optical conductivity is
associated with the decrease in the band gap and decrease in electron density in the conduction

band when absorption occurred at near ultra violet region.
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Figure 8.10: Variation of the skin depth parameter of Ag*-C" co-implanted ZnO NRs.
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Figure 8.11: A plot showing enhanced optical conductivity of Ag*-C* co-implanted ZnO NRs.

Table 8.4: Direct optical band gap (Eg), and Urbach energy (Eu) for pristine and implanted

samples.

Sample ID Eq (eV) Eu (meV) Nk

Pristine ZnO 3.25 896 2.069
1.0 x 10" Ag*-C* ZnO 3.17 989 2.1186
2.0 x 10" Ag*-C* ZnO 3.22 992 2.0876
3.0 x 10 Ag*-C* ZnO 311 925 2.1558
1.0 x 10'® Ag*-C* ZnO 2.87 758 2.3046
3.0 x 10'® Ag*-C* ZnO 3.14 847 2.1372
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In brief, this chapter investigated the co-implantation of Ag* and C* ions into ZnO nanorods.
XRD analysis revealed that the nanorods maintained a hexagonal wurtzite structure, post
implantation. However, increased ion fluence resulted to a notable decrease in the intensity of
the 002-peak, indicative of reduced crystal quality, albeit without reaching amorphization.
Microstructural parameters, such as bond length, lattice parameter, and stacking faults
probability, exhibited intricate trends with varying ion fluence. Additionally, the crystallite
size decreased at lower fluences but increased at higher fluences, suggesting a balance between
lattice distortion and crystalline order. Raman spectroscopy corroborated the preservation of
the hexagonal wurtzite structure while revealing phonon scattering variations, signifying the
presence of structural irregularities, grain boundaries, and internal stress. The A1(LO) peak
intensity was enhanced with escalating ion fluence to a specific threshold, beyond which it
diminished, possibly due to defect complex formation. New peaks at higher Raman shifts
emerged, attributed to the presence of carbon. Infrared spectra revealed shifts in phonon
frequencies, indicating tensile stress in the ZnO crystal caused by radiation damage and lattice
distortion from ion bombardment. The emergence of absorption bands at ~400 and 900 cm™™
suggested the formation of new bonds between Zn, O, and the implanted ion. Overall, these

spectroscopic differences confirmed the presence and interactions of ions in the ZnO matrix.

Optical studies showed that the absorption shifted towards longer wavelengths in the visible
spectrum, indicating the influence of the implanted ions. The optical band gap decreased upon
co-implantation, with the lowest value of 2.87 eV observed at 1.0 x 10 ions/cm?. The optical
conductivity was noted to increase with ion fluence up to a certain point, followed by a
decrease, signifying the inhibition of charge carriers at higher fluences. The sample co-
implanted at 1.0 x 10 jons/cm? displayed the highest optical conductivity in the visible region.
In summary, the co-implantation of Ag* and C* ions into ZnO nanorods resulted in complex
changes in crystal structure, morphology, and optical properties, offering valuable insights into

the effects of ion implantation on semiconductor materials.
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CHAPTER 9: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The work presented herein focused on selectively inducing lattice distortions into ZnO
nanorods with an intention to modify the optical response of the ZnO towards the visible light
region. ZnO NRs have been successfully synthesised on seeded glass substrates through the
chemical bath deposition (CBD) technique. X-ray diffraction of the pristine ZnO films
confirmed a hexagonal wurtzite structure with a preferential growth on the c-axis (002). The
ion implantation method has been found to be an essential technique through which properties
of semiconductors can be modified without affecting other properties such as morphology. The
depth and impact of implanted ions in semiconductors can be controlled via varying several
parameters such as ion fluence, implantation energy, implantation time and post-implantation
treatment. lon implantation was adopted to induce structural modifications on ZnO NRs and
thus alter their optical properties.

The key findings are as summarised below:

e XRD analysis of the implanted samples indicated that the wurtzite structure of the ZnO
was not damaged by any of the implanted ions. The 002 peak was maintained as the
most dominant for implanted samples, however a deterioration of the crystallinity was
noted upon implantation with either Ag*, C* or co-implantation with Ag™ and C" ions.
Ag" ion implantation resulted in the peaks shifting to lower 20 angles, signifying
unidirectional induced tensile strain. Non-uniform peak shifting to both lower and
higher 26 angles was noted upon carbon ion implantation, confirming the type of strain
induced by the incorporation of C* ions. Another major observation was the broadening
of the peaks (FWHM), signalling the crystallite size reduction which was confirmed
through calculations. The crystallite size was found to be affected by ion fluence.
Crystallite size values of 24.29, 29.0 and 30.13 nm were found for ZnO implanted at
3.0 x 10'® ions/cm? with Ag*, C* and Ag*-C* ions, respectively. A variation of the
microstructural parameters of the implanted ZnO NRs also indicated that lattice
modification was induced. Due to the differences in the ionic radii of Ag, Zn and O,
implantation with Ag* ions resulted in increase in the lattice parameter cp. Upon C* and
co-implantation with Ag* and C* ions, the non- linear correlation of structural damage
with ion fluence and c, was observed, suggesting synergy between the two ions, albeit

dominated by the influence of carbon ions.
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Raman spectroscopy showed the presence of distortions through a variation of
vibrational modes. Most notably, the E1 and E> modes were noted to degrade upon
implantation. An intensification of the Ax longitudinal optical (LO) phonon mode was
observed, indicating the accumulation of induced defects across all implanted samples.
Additional peaks were detected on samples implanted with C* ions and Ag*-C* co-
implanted samples. Raman spectra indicated that the existence of implanted ions
disrupted the translational crystal symmetry. The presence of Ag* and C* on ZnO NRs
was further confirmed by a variation of the FTIR spectra.

FESEM images showed preserved nanorod morphology. Ag™ and C* ion implantation
had noticeable effect on the surface roughness of the films as observed from AFM
surface topographies. All of the above-mentioned structural variations confirm that the
ions were successful incorporated into the ZnO framework and that the incorporation
of Ag™ and C* ions into interstitial sites or the displacement of the target atoms by
substitution induced lattice distortion, however the degree of distortion is dependent on

the type of ion, its occupancy in the host lattice as well as ion fluence.

The influence of the induced lattice distortion on the optical response properties of the
ZnO NRs was investigated. Augmented absorbances were recorded for implanted ZnO
films. Implantation of ZnO NRs with Ag* and C* ions resulted in disparities,
specifically a shift of the absorption edges towards longer wavelengths. A range of
optical parameters were determined and pronounced differences were observed. A
progressive overall decrease of the bandgap is observed. Upon Ag* implantation, the
decrease was relative to the fluence of Ag* ions. This red shift was associated with the
disturbance of the structural periodicity. The substantial decrease in the optical band
gap of C* implanted ZnO was ascribed to the substitution of carbon species into the
ZnO lattice, which introduces isolated impurity bands of C (2p) between the conduction
and valence bands. The existence of graphitic carbon and other defects noted by the
additional Raman features were also considered to contribute to the constriction of the
band gap. Synergistic contribution of both Ag™ and C* in attenuating the band gap of
ZnO was noted upon co-implantation. Other than increased absorption of the visible

light, a reduced band gap also facilitates rapid photoexcitation of electrons from the
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conduction band, hence resulting in increase in the electron flow. A general increase in

the calculated optical conductivity as a result of ion implantation was noted.

In conclusion, this study has shown that ion implantation of Ag* and C* ions through mono
and dual implantation can be used to modify the ZnO lattice without destroying the
significantly desired 1D nanorod morphology as well as the hexagonal wurtzite structure. The
induced lattice distortions instigated modification of the optical response properties of ZnO
NRs, i.e., enhanced absorption of the visible light spectrum. The effects of ion fluence and type

of ion species have been observed.
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APPENDIX A: SUPPLEMENTARY DATA
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Figure Al: Rutherford backscattering spectra of pristine and Ag* ion implanted ZnO NRs.
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Figure A2: Rutherford backscattering spectra of pristine and C* ion implanted ZnO NRs.
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Figure A3: Rutherford backscattering spectra of pristine and Ag*- C* co-implanted ZnO NRs.
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APPENDIX B: PHOTOGRAPHS OF SOME OF THE USED EQUIPMENT

Figure B.1: The Varian-Extrion 200-20A2F lon implanter.

5

Figure B.2: The Bruker dimension edge scan analyst for atomic force measurements.
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Figure B.3: A picture of the Bruker D8 Advance XRD equipment used.

Figure B.4: A Zeiss MERLIN FESEM used for the examination of the surface morphology
and elemental composition analysis.
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Figure B.6: The Bruker Vertex 70v FTIR spectrophotometer.
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