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Abstract

Abstract

Nanotechnology is a technology of the design andpipiications of nanoscale materials with
their fundamentally new properties and functions. Nanosensor devices based on nanomaterials
provide very fast response, low-cost, long-life time, easy to use for unskilled users, and provide

high-efficiency.

1-D ZnO nanostructures materials have great potential applications in various sensing
applications. ZnO is a wide band gap (3.37 eV at room temperature) semiconductor materials
having large exciton binding energy (60 meV) and excellent chemical stability, electrical, optical,
piezoelectric and pyroelectric properties. By doping the transition metals (TM) into ZnO matrix,
the properties of ZnO nanostructures can be tuned and its room temperature ferromagnetic
behavior can be enhanced, which provide the TM-doped ZnO nanostructures as promising
candidate for optoelectronic, spintronics and high performance sensors based devices. The
synthesis of ZnO and TM-doped ZnO nanostructures via the low temperature hydrothermal
method is considered a promising technique due to low cost, environmental friendly, simple
solution process, diverse 1-D ZnO nanostructures can be achieved, and large scale production on
any type of substrate, and their properties can be controlled by the growth parameters. However,
to synthesize 1-D ZnO and TM-doped ZnO nanostructures with controlled shape, structure and
uniform size distribution on large area substrates with desirable properties, low cost and simple

processes are of high interest and it is a big challenge at present.

The main purpose of this dissertation aims to develop new techniques to synthesize 1-D ZnO
and (Fe, Mn)-doped ZnO nanostructures via the hydrothermal method, to characterize and to
enhance their functional properties for developing sensing devices such as biosensors for clinical
diagnoses and environmental monitoring applications, piezoresistive sensors and UV

photodetector.

The first part of the dissertation deals with the hydrothermal synthesis of ZnO nanostructures
with controlled shape, structure and uniform size distribution under different conditions and their
structural characterization. The possible parameters affecting the growth which can alter the
morphology, uniformity and properties of the ZnO nanostructures were investigated. Well-aligned
ZnO nanorods have been fabricated for high sensitive piezoresistive sensor. The development of

creatinine biosensor for clinical diagnoses purpose and the development of glucose biosensor for
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indirect determination of mercury ions for an inexpensive and unskilled users for environmental
monitoring applications with highly sensitive, selective, stable, reproducible, interference

resistant, and fast response time have been fabricated based on ZnO nanorods.

The second part of the dissertation presents a new hydrothermal synthesis of (Fe, Mn)-doped-
ZnO nanostructures under different preparation conditions, their properties characterization and
the fabrication of piezoresistive sensors and UV photodetectors based devices were demonstrated.
The solution preparation condition and growth parameters that influences on the morphology,
structures and properties of the nanostructures were investigated. The fabrication of Mn-doped-
ZnO NRs/PEDOT:PSS Schottky diodes used as high performance piezoresistive sensor and UV
photodetector have been studied and Fe-doped ZnO NRs/FTO Schottky diode has also been
fabricated for high performance of UV photodetector. Finally, a brief outlook into future

challenges and relating new opportunities are presented in the last part of the dissertation.

Keywords: Synthesis ZnO nanostructures, TM-doped ZnO NRs, Hydrothermal method,

Biosensors, Piezoresistive sensors, UV photodetectors, Diluted magnetic semiconductors.
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Introduction

Chapter 1: Introduction

1.1 Nanotechnology and nanomaterials
1.1.1 Nanotechnology and applications

Nanotechnology is the creation and exploitation of nanomaterials with structural features
in between those of atoms and their bulk materials. In order words, nanotechnology is a
technology of design and applications of nanoscale materials with their fundamentally new
properties and functions. When the dimensions of materials are in nanoscales the properties of
the materials are significantly different from those of atoms as well as those of bulk materials.
Moreover, when the size of materials is in the nanoscale regime the large surface area to volume
ratio exhibited by nanomaterials, improves the high surface reactivity with the surrounding
surface, which makes nanomaterials ideally suitable candidates for many types of sensor
applications. Therefore, nanomaterials has opened up possibilities for new innovative
functional devices and technologies [1-2]. The importance of nanotechnology was pointed out
by Richard Feynman in his delivered lecture at an international forum in the meeting of the
American Physical Society at California Institute of Technology (CalTech) entitled “There is
plenty of room at the bottom” on 29 December 1959 [3]. Currently, nanotechnology has been
recognized as a revolutionary field of science and technology and have been applied in many
applications, including environmental applications, medical applications, biomedical
applications, healthcare and life sciences, agricultures, food safety, security, energy production
and conversion applications, energy storage, consumer goods, infrastructure, building and
construction sector, and aerospace [4-7]. Moreover, the new nanotechnology applications
provide very fast response, low-cost, long-life time, easy to use for unskilled users, and high-
efficiency of devices and it also provides a new approaches to diagnosis and treatment of
diseases, effective environmental monitoring and alternative ways for substantial energy
development for a better world. We can say that, nanotechnology is applied almost in every
aspect of our modern world.

In this regard, the development of new methods to synthesize hanomaterials have paved
the way in creating new opportunities for the development of innovative nanostructures based
devices. In particular, the ability to synthesize nanostructures materials with controllable shape,
size and structure and enhance the properties of nanomaterials provides excellent prospects for

designing nanotechnology based devices.



Introduction

1.1.2 Classification and synthesis of nanomaterials

Over decades, the ability to tune surface morphologies and the structure of semiconductor
materials with near atomic scale has led to further idealization of semiconductor structures:
quantum wells, wires, and dots. These nanostructures have completely different density of
electronic states predicted by simple particle in a box type models of quantum mechanics.
According to their basic dimensions (X, Y and Z) in space, nanostructures of nanomaterials
can be classified into zero-dimension (0-D), one-dimension (1-D), two-dimension (2-D) and
three-dimension (3-D). While 0-D nanostructures refer to quantum dots or nanoparticles, 1-D
nanostructures refer to nanowires, nanorods, nanofibres, nanobelts, and nanotubes, 2-D
nanomaterials represent for nanosheets, nanowalls and nanoplates and 3-D nanomaterials are
nanoflowers and other complex structures such as nanotetrapods [8-12]. Due to the quantum
effects dominating most of the properties of the nanomaterials, its density of states of the
nanomaterials are quite different from those of the bulk materials. The density of states which
describes the electronic states versus energy in the band diagram of the 0-D, 1-D, 2-D and bulk

materials are shown in Figure 1.1.
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Figure 1. 1: The electron density of states in bulk semiconductor and the electron density of
states in quantum well (2-D), in quantum wire (1-D), and in quantum dot (0-D) nanomaterials
(adopted from [8, 12]).

Nanotechnology fields have extensive research focused on gaining control of particle size,
shape, and composition in different ways. However, syntheses of nanoscale materials are
generally grouped into mainly two approaches: bottom-up and top-down approaches. The
bottom up method is a method that build nanomaterials from atomic or molecular precursors
while top-down technique is a method that tearing down larger building blocks into finer pieces
till their constitution up to nanoscale level. The schematic diagram of these two approaches are

presented in Figure 1. 2.
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Figure 1. 2: Top-down and bottom-up approaches (adopted from [14]).

1.2 Background of sensors and nanomaterials

As a sensor is a device that senses a change in a physical conditions (forces) or chemical
guantities or biological quantities which produces a measurable response signal to a specific
measurable input [15-16]. A sensor’s physical configuration consists of a sensing element
together with its physical packaging and external connections [17]. The schematic diagram of

sensor system is shown in Figure 1.3.
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Figure 1. 3: Schematic diagram of a sensor system.

Many attractive features of nanostructured materials are interested for sensing
applications. These is due to quantum confinement effects in semiconductor nanostructures,
the ability to tailor the size, structure and properties. Furthermore, nanostructured materials
possess excellent electrical, optical, thermal, catalytic properties and strong mechanical
strength, which offers great opportunities to construct nanomaterials-based sensors and

excellent prospects for designing novel sensing systems [18-20]. The reason is that reducing
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the size of nanomaterials led to increase the surface area to volume ratio, which increases the
adivities between materials and its surrounding environment. This phenomena caused the

sensor increased sensitivity, improved detection limits, provide faster responses and smaller

amounts of samples can be measurable with lower cost, easy to use for unskilled users, high-
efficiency and less power consumption.

1.3 Sensing applications based on ZnO and TM-doped ZnO nanostructures

In recent years, nanomaterial-based sensors have attracted much attention from both
scientific research communities and from industrial applications points-of-view. For sensor
applications, the fabrication processes are on economic oriented approach, use of inexpensive
materials by economical synthesis methods and the sensor system should presents low power
consumption, ease of fabrication, high accuracy, fast response time, high compatibility,
portable and easy to use for unskilled users are the most important factors for the development
of new sensors based devices. In the response to above requirements, metal oxide
semiconductor nanomaterials have attracted high interest due to their promising applications
in a diversity of technological areas, including sensors area. In the fields of nanotechnology
based sensors, metal oxides nanostructures stand out as being among the most versatile
nanomaterials because of their excellent physical and chemical properties [21-22]. Among
metal oxide nanomaterials, ZnO nanostructures are of the most promising metal oxides due to
their attractive physical and chemical properties. From these properties, ZnO nanostructures
are highly attractive from research communities in the applications of sensing. ZnO
nanomaterials have attracted huge attention in sensing areas due to its relatively large surface
area to volume ratio, larger band gap (3.37 eV at room temperature), high exciton binding
energy (60 meV) which makes excitons in ZnO stable up to 350 K, high transparency, its high
ionicity and biocompatibility [21-29]. Also, ZnO is an important multifunctional material
suitable for many different applications in transparent electronics, optoelectronics, transparent
electronics, solar cell, smart windows, biodetectpiezoelectric devices [30-33]. In addition,
the performance of the sensors can be improve by doping ZnO nanostructure with different
metals or by alloyed ZnO with other metal oxides. This is due to the dopant influenced on the
properties ZnO nanostructures such as the band gap, optical property and electrical
conductivity [33-39]. Furthermore, room temperature ferromagnetic properties are also
achieved by doping with transition metals into ZnO nanostructures, which shows potential for
increasing performance of sensing device and for future spintronics applications [40-43].

Among ZnO nanostructures, 1-D ZnO nanostructures such as nanorods, nanowires, nanobelts,
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and nanotube are becoming a major focus in nanoscience research and are of interest for many
different applications due to their important physical properties and application prospects. The
key factors for the great interest in 1-D ZnO nanostructures in sensing applications arises for
many reasons. The electron transport in 1-D ZnO nanostructures are directly in contact with
the surrounding environment and high surface area to volume ratio which is mandatory for fast
reaction kinetics. Their high electronic conductance, minimum power consumption, relatively
simple preparation methods and large-scale production can achieved. 1-D ZnO nanostructures
have superior stability due to high crystallinity, ultrahigh sensitivity, and the potential for the
integration of addressable arrays on a mass production scale. It also exhibits as semiconducting
properties and also piezoelectric properties which can form the basis for electromechanically
coupled sensors and transducers, it is relatively biocompatible and they can be relatively easily
incorporated into microelectronic devices [16, 19, 21 and 24].

The unique properties of 1-D ZnO nanostructures provide promising combination for
sensitivity, chemical selectivity, an electronically and chemically tunable platform crucial for
tailored sensor response [19, 21]. Therefore, 1-D ZnO nanostructures are important potential
candidates for the realization of sensor applications. So far, 1-D ZnO nanostructures, especially
ZnO NRs/NWs are extensively applied in various sensing applications fields, e.g. biosensors
[44-51], biomarker [52-53], drug delivery [54-55] , chemical sensors [56-58], gas sensors [59-
60], pH sensors [61], humidity sensor [62-64], UV sensors [65-69], temperature sensors [70-
71], and pressure/force/mass/load sensors [72-75]. Also, the high performances of several types
of sensors have been enhanced by utilizing different metals doped ZnO nanorods, e.g. high
performance of sensors can be achieved by Cu, Ag or Al-doped ZnO nanorods for UV sensors
[76-78], Mg, Au, Al or Cr doped ZnO nanorods for gas sensors [79-82], Cd-doped ZnO
nanorods for humidity sensor [83] and Sh-doped ZnO nanobelts for strain sensor [84].

The properties of 1-D ZnO nanostructures rely strongly on their synthesis routes and their
structure, surface morphology, chemical composition, surface contamination, electron
transport, and other properties which are affecting on the sensing properties. Therefore, 1-D
ZnO nanostructures have been synthesized by various methods in order to tailor their
properties, including chemical vapor deposition (CVD) [85], metalorganic chemical vapor
deposition (MOCVD) [86-87], pulsed laser deposition (PLD) [88], and molecular beam epitaxy
(MBE) [89-90]. However, these methods require high temperature, high cost and limit the
growth on soft flexible substrates. In order to solve these problems, the “bottom-up” strategy
is broadly applicable for synthesizing new materials on any types of substrates and especially,

the low temperature hydrothermal approach have been widely used for growing many different
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ZnO nanostructures due to many reason, including low cost, simplicity, environmental friendly
ard easy to scale up. Various nanostructures can be achieved by controlling the hydrothermal
growth parameters and preparation conditions. Due to the fact that the properties of 1-D ZnO
nanostructures rely on their synthesis route, the surface morphology, size, shape and structures
and the chemical bonds play fundamental roles in determining the 1-D ZnO nanomaterials
properties and their corresponding sensing applications. Therefore, tailoring properties of 1-D
ZnO nanostructures for desirable sensing applications is of high interest to researchers. The
controlled preparation of 1-D ZnO nanostructures is considered to play a significant role in
exploring the prospects and future challenges for the development of sensing devices.
Therefore, this dissertation aims to provide a novel route to the low temperature hydrothermal
synthesis of 1-D ZnO and TM-doped ZnO nanostructures with fast, low cost, controllable size,
shape, uniform distribution and structure orientation with desirable properties for higher

sensor’s performances and multifunctional sensing devices.

1.4 Objectives and scope of this study
1.4.1 Dissertation objectives
The main purpose of this dissertation aims to realize controllable synthesis of un-doped

ZnO and (Fe, Mn)-doped ZnO nanostructures via the low temperature hydrothermal method,
their characterization and enhancing their functional properties for developing new sensing
devices, including biosensors, piezoresistive sensors and UV photodetectors and providing new
multifunctional sensing platforms. The overall objectives of this dissertation are pursued as the
following:
* Hydrothermal synthesis of ZnO and TM-doped ZnO nanostructures

The first objective aims to develop the low temperature hydrothermal methods to
synthesize a controllable surface morphology, shape, uniform size distribution, structure and
properties of un-doped ZnO and TM-doped ZnO nanostructures with low cost, fast, low power
consumption and preferable on any type of substrate which leads to enhance the performance
of sensors.
» Characterization of ZnO and TM-doped ZnO nanostructures

The second objective aims to investigate the properties of the synthesized un-doped ZnO
and (Fe, Mn)-doped ZnO nanostructures. Various characterization techniques were applied in
order to gain deep understanding of the morphological characteristics, crystallinity, light

absorption and emission, chemical composition, and magnetic properties. Finally, to provide
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these investigated results with their functionalities for developing their corresponding sensing
applications.
» Sensing applications based on ZnO NRs and (Fe, Mn)-doped ZnO NRs

The third objective aims to fabricate sensor devices based on the synthesized ZnO NRs and
(Fe, Mn)-doped ZnO NRs for chemical, biological, UV and piezoresistive sensing applications.
Firstly, due to the piezoresistive effect of ZnO NRs, Au/ZnO NRs Schottky diode has been
fabricated using well-aligned and uniform distribution of ZnO NRs grown by rapid mixing
synthesis for piezoresistive sensor applications. Secondly, electrochemical sensors have been
fabricated by functionalized ZnO NRs for a wide range of detection of creatinine concentration
with fast response time. Thirdly, the functionalized ZnO NRs used as a glucose biosensor for
indirect determination of environmental mercury ions with very low detection limit and fast
response of the biosensor. Finally, high performance piezoresistive sensor and UV
photodetector based on PEDOT:PSS/Mn-doped ZnO NRs Schottky diode has been developed
and the development of Au/Fe-doped-ZnO NRs Schottky diode has been demonstrated for high
performance UV photodetector.

1.4.2. Organization of the dissertation

The dissertation is organized as follow: the general introduction and objective of this
research are presented in this chapter 1. Chapter 2 provides basics properties of ZnO and TM-
doped ZnO nanostructures for sensing applications, chapter 3 presents background of
biosensor, piezoresistive sensor, UV photodetector and their applications based on ZnO and
TM-doped ZnO NRs, chapter 4 presents the synthesis methods of ZnO and TM-doped ZnO
nanostructures, their characterization techniques and devices fabrication processes, chapter 5
presents the results and discussions and chapter 6 is giving research summary and future
prospects.
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Fundamental properties of ZnO and TM-doped ZnO
Chapter 2: Fundamental properties of ZnO and TM-doped ZnO

ZnO is a IlI-VI semiconductor material and it is a very promising material for
semiconductor device applications due to its wide range of useful properties. ZnO has a direct
wide band gap of 3.44 eV at low temperatures and 3.37 eV at room temperature, which enables
some applications in optoelectronics such as light-emitting diodes, laser diodes and
photodetectors, it has relatively large exciton binding energy (60 meV), which makes ZnO a
promising material for excitonic effects based optical devices and due to the lack of a center of
symmetry in wurtzite structure combined with a large electromechanical coupling, ZnO
possesses large piezoelectric and pyroelectric properties. These makes the ZnO generally used
for sensors, transducers and actuators. In addition, ZnO is a biocompatible and biosafe and
ZnO is also phototoxic intracellular, which attracts ZnO for chemical sensor and biosensors
applications [1-5]. Moreover, transition metals (TM)-doped ZnO can be change its properties.
This is due to the fact that TM-doped ZnO have intrinsic donor defects which contributes to
carrier and optical property and it enhanced ferromagnetic properties at room temperature,
which makes TM-doped ZnO useful for spintronic applications [1, 3, 6-11]. Furthermore, ZnO
possesses diverse nanostructures, such as nanotubes, nanowires, nanorods, nanobelts,
nanotetrapods, nanoribbons, nanorings, nanocombs, and so on and these ZnO nanostructures
can possibly be grown on cheap and flexible substrates. Hence, ZnO nanostructures are
attractive and promising material for some future nanotechnology applications [12-14].
However, most of these advantages are definitely utilized due to the fundamental properties of
ZnO nanomaterial. Therefore, the basic properties of ZnO and TM-doped ZnO nanostructures

will be introduced in this chapter.

2.1 Crystal structure and chemical binding

ZnO is one of the 1I-VI compound semiconductors whose ionicity resides in between
being covalent and ionic semiconductor. The crystal structures of ZnO are wiB#jteiic
blende (B), and rocksalt (B1 However under ambient conditions, the thermodynamically
stable phase is the wurtzite [3, 15]. ZnO crystallizes usually in the hexagonal wurtzite-type
structure shown in Figure 2.1. In this phase, the ZnO has a polar hexagonal axis caled the
axisthat is parallel to the-axis The primitive translation vectoesandb with equal length lay
in thex-y plane which makes an angle of 120° and the primitive translation eéstparallel
to thez-axis[16]. At room temperature, the wurtzite structure has a hexagonal unit cell with

lattice parameters a =00.3249 nm and = 0.5206 nm and the ratio c/a value is around 1.602,
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which is slightly different from the ideal value c/a = 1.633 for hexagonal structure. The point
group is 6 mm or & and the space group is#& in Hermann—Mauguin notation ag§, in
Schoenflies notation [15-17]. Every atom of one kind (group Il atom) is surrounded by four
atoms of the other kind (group VI), or vice versa, which means that one zinc ion (cation) is
surrounded tetrahedrally by four oxygen ions (anions) and vice versa. Its structure is arranged
by alternating planes of tetrahedrally coordinatéda@d Zi#* ions stacking along theaxis,

which makes the entire structure to lack central symmetry. The surfaces can be terminated
either with cations or anions, which leads ZnO possesses positively or negatively charged on

the surfaces [18].

Z-axis

Figure 2. 1. The hexagonal wurtzite of ZnO crystal structure (adopted from [3, 15-17]).

2.2 Basic physical parameter for Wurtzite ZnO

As mention earlier, nanotechnology applications are partly relying on the fundamental
properties of the nanomaterial. Therefore, understanding the fundamental physical properties
of ZnO is important to the rational design of functional devices. It should be noted that as the
dimension of the semiconductor materials shrink down to nanometer scale, some of their
physical properties undergo changes due to “quantum size effects”. However, some of these
parameters of ZnO are not well demonstrated, e.g. hole mobility and effective mass are still
under debate. Table 2.1 shows some of the basic physical parameters for wurtzite ZnO [19-22].
However, investigation of the properties of individual ZnO nanostructures is essential for
developing their nanoscale devices.

Table 2. 1: Some basic physical parameters for wurtzite ZnO.

Physical parameters Value
2 0.324 95 nm
Lattice parameters at 300 Kco 0.520 69 nm
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al/co | 1.602 (ideal hexagonal structure 1.633
u 0.345

Density 5.606 g/cr

Stable phase at 300 K Wurtzite

Melting point 2248 K

Linear expansion coefficient@) @: 6.5x10°
€0:3.9 x 108

Static dielectric constant 8.656

Refractive index 2.008, 2.029

Energy gap (300 K) 3.37 eV (direct band gap)

Intrinsic carrier concentration <4@n? (max n-type doping>Z%0 cnt®
electrons; max p-type doping<fOcnt3
holes)

Exciton binding energy 60 meV

lonicity 62%

Electron effective mass 0.24

Electron mobility (T = 300 K) 200 cn#/V's

Hole effective mass 0.59

Hole mobility (T = 300 K) 5-50 cn/V's

2.3 Band structure of Wurtzite ZnO

The band structure is a very important property of a semiconductor, because many
important properties and parameters are derived from it, e.g. band gap and effective masses of
electrons and holes. For this reason, understanding of the band structure of ZnO is crucial to
explain the electrical properties, optical properties and many other phenomena. The band
structure provides the electronic one-patrticle (i.e. electron or hole) states. ZnO is a direct band
gap semiconductor which crystallizes in the wurtzite symmetry because the uppermost valence
band (VB) and the lowest conduction band (CB) are at the same position in the Brillouin zone,
namely atk=0, i.e. at th&-point [16-17]. The lowest CB is formed from the @yngs states
of Zr?* or the anti-binding sthybrid states and the VB originates from the occupied 2p orbitals
of O? or the binding shorbitals. Under the crystal field and spin orbit interaction, the valence
band is split into three sub-VB of symmetries, which are labelled in all wurtzite-type
semiconductors from high to low energies as A, B, and C bands. In most cases, the ordering of

the bands is A's, BT'7, CT'7. However, for ZnO there is a long debate whether the ordering as
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usual or Al'7, BT, CT'7. Therefore, the ordering By, BT, CI'7 have been selected [16-17,

23] (see Figure 2.2). The relation between the band gap and temperature dependence up to 300
K'is given by:

5.05x 107* x T?

By (T) = Eg(T = 0)==gov—p 2.1)

CB

/
N

4
o Eg = 3.4376 eV
e T=42K

-
e ——F—-
I AEge = 43.7 meV
L . Wy SR

0% 2p

o o e e s
-.

AN
/

VB

Figure 2. 2: The valence band (VB) and conduction band (CB) of ZnO in the vicinity of the
fundamental band-gap. (adopted from [16-17 and 23]).
2.4 Electrical properties

Un-doped ZnO semiconductor often shows n-type conductivity due to its native defects
such as oxygen vacancies and zinc interstitials [22]. As mention earlier, ZnO semiconductor
material is a direct and wide band gap material with a relatively large exciton binding energy,
which is attractive for many electronic and optoelectronic applications. This is because of wide
band gap materials may have high breakdown voltages, lower noise generation, ability to
sustain large electric fields, and it can operate at high temperature with high power. The
electron transport in ZnO is different at sufficiently low and high electric fields [3, 15]. When
a low electric field is applied, the energy gained by the electrons from the field is small as
compared to the thermal energy of electrons. Hence, the energy distribution of electrons in the
ZnO is unaffected by applying low electric field. Therefore, the electron mobility remains
constant because the scattering rate, which indicates that the electron mobility remains
independent of applied low electric fields, and Ohm’s law is obeyed [3, 15]. When the electrical
field is increased to a point that the energy of electrons from the applied electrical field is no
longer negligible compared to the thermal energy of the electron, then the electron distribution
function changes significantly from its equilibrium value and these electrons become hot

electrons with higher temperature than the lattice temperature. Therefore, there is no energy
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dissipated to the lattice during a short and critical time and when the drift velocity of an electron

is higher than its steady-state value, a higher frequency device is possible to fabricate [3, 15].

2.5 Piezoelectric properties

The mechanical properties of materials involve various concepts, including
piezoelectric constants. The physical quantity cadteain is described as the deformation of
solids under the effect of external forces and the physical quantity sia#sslis described as
the internal mechanical force that resists deformation and tends to return the solid to its initial
state [15]. Piezoelectric properties is due to the polarization at atomic level. The mechanical
strain can affect the charge carrier transport in materials. For a homogeneous material, three
mechanisms may alter its transport characteristics, including the geometric change, the
piezoresistive effect (changes the material resistivity), and the piezotronic effect [24]. In case
of wurtzite ZnO nanostructures, the origin of the piezoelectricity is described as the following:
consider an atom with a negative charge that is surrounded tetrahedrally by positive charges,
in which the oxygen atoms and zinc atoms are tetrahedrally bonded. When an external force is
exerted on the crystal along the direction of the tetrahedron, the center of the positive charge
and the negative charge can be displaced due to lattice distortion. This distortion can cause the
center of positive charge and negative charge to displace from each other, which induces local
dipole moments. If the whole crystals have the same orientation, the crystals will possess
macroscopic dipole moments, while it is experiencing the external force or external pressure
[13, 21-22]. The ZnO nanostructure comprises alternating layers it O atoms stacking
along thec-axiswith a lack of center of symmetry in ZnO, leading ZnO to possesses a strong
piezoelectricity property providing a relatively large electromechanical coupling. This offers
significant potential for applications in nano-electromechanical systems, sensor development

and electromechanically coupled sensors and transducers [16, 20-21].

2.6 Optical properties

The optical properties of a semiconductor are related to its intrinsic and extrinsic
factors. Intrinsic optical properties related to the relation between electrons in the conduction
band (CB) and holes in the valence band (VB), including excitonic effects due to the Coulomb
interaction. Extrinsic properties are related to dopants or defects introduced in the
semiconductor, which generate discrete electronic states between CB and VB [3]. Optical
transitions in ZnO have been investigated by various experimental techniques such as optical

absorption, transmission, reflection, photoluminescence, cathodoluminescence, etc. Among
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these techniques, the photoluminescence (PL) technique have been extensively used to study
the optical properties of ZnO nanostructures. Typically, room temperature PL spectrum of ZnO
shows UV emission and one or two visible emissions induced by defects, including vacancies
(missing atoms at regular lattice positions), interstitials (extra atoms occupying interstices in
the lattice), antisites (a Zn atom occupying an O lattice site or vice versa) and complex defects
[2, 12]. At room temperature, ZnO exhibits a wide and direct band-gap of 3.37 eV with a
relatively large exciton energy of 60 meV. The value of 60 meV is much larger than that of
GaN (25 meV), and the thermal energy at room temperature (26 meV), which ensures that an
efficient exciton emission at room temperature under low excitation energy. Therefore, ZnO is
one of the promising photonic material in the blue-UV region [13]. For ZnO nanorods,
photoluminescence spectroscopy has been widely used to investigate the optical properties,
which provides information such as band gap, defects, and crystal quality [13, 22]. Room
temperature PL investigation of ZnO nanorods shown that a near band edge (NBE) UV
emission and a broader band emission related to deep level defects, i.e. deep level emission
(DLE) have been observed in ZnO nanorods and there is only one emission centered at UV
emission (varies in a range from 3.236 to 3.307 eV) have been observed in high quality ZnO
nanorods with low impurity concentrations [1]. The UV emission attributed to the NBE
emission of the wide band gap ZnO and the DLE bands within the visible range are attributed
to defects in the ZnO nanostructure such as Oxygen vacaggy{ic vacancy (Y»), Oxygen
interstitial (Q), Zinc interstitial (Zr) and extrinsic impurities [1, 13]. The relative intensity
between the NBE emission and DLE emission can be used as an indication of the optical quality
of the ZnO nanostructures. Therefore, the optical quality of the ZnO nanostructures can be
investigated by the ratio of the intensity of the near band edge emission to the intensity of the
deep level emissionnge/lpie). A large ratio of thense/loLe means a lower concentration of

the deep level defect [1].

2.7 Characteristics of TM-doped-ZnO
2.7.1 Brief theory for ferromagnetic properties in DMS

Dilute magnetic properties of transition metal doped semiconductors, called diluted
magnetic semiconductors (DMS), provide an alternative way to make the semiconductors
ferromagnetic at room temperature. The DMSs are used for potential applications in spin-
transport electronics (spintronics) devices, which exploit spin in magnetic materials along with
charge of the electrons in a DMS material. The synthesis of ferromagnetic semiconductors that

works at room temperature remains very attractive for device applications [FdTivions
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such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu have partially fdlstlells are substituted for
the cations of the host semiconductors, which leads to achieve the DMS.

The magnetic property of a DMS is found to be a strong function of the TM ions
concentration in the crystal, the carrier density, and the crystal quality [10]. The electronic
structure of the substituted TM in semiconductors is influenced by two factors, i.e. strong 3d-
host hybridization and strong Coulomb interactions between 3d-3d electrons [25]. The reason
for providing magnetic property at higher temperatures is due to the quantum mechanical
exchange interaction between two electrons. In general, when all the atomic magnetic moments
in the lattices interact to align parallét)to each other, the material exhibits ferromagnetism
with nonzero magnetic moment even in the absence of an external magnetic field, called the
spontaneous magnetic moment. This phenomenon is called ferromagnetism and the magnetic
moments are aligned parallel. The observed transition temperature below the ferromagnetic
ordering is called Curie-temperature [LO, 25]. However, if the adjacent of the magnetic
moments are oriented anti-parallel. i.e. compensates one another, the semiconductor material
is antiferromagnetic and there is no spontaneous magnetization can observed, even in the
external magnetic field [11, 26]. The magnetic ordering being ferromagniico(

antiferromagneticfl) of semiconductor is shown in Figure 2.3.
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Figure 2. 3: (a) Ferromagnetic DMS, an alloy between nonmagnetic semiconductor and TM
and (b) antiferromagnetic DMS. (adopted from [11, 26])

2.7.2 Brief theory of ZnO-based magnetic semiconductors

Generally, the portion of TM atoms randomly incorporated in the semiconductors provide
localized magnetic moments in the DMS matrix [9]. The electronic configuration &dthe
states andsstates of several TM are shown in Figure 2.4. For Mn ions, among the 10 available
states of 8 band of Mi&* ions, half-filled with 5 electrons with an energy gap between the up-
spin (1) occupied states and empty down-spinstates and for theddand. For Fe or Co, one
of the bands is partially filled (up or down). Table 2.2 presents the oxidation and charge states
for Mn and Fe presented in ZnO [25].
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Figure 2. 4: Electronic configuration of 3d-states and 4s-states of TMs [9, 25].

Waurtzite ZnO is formed by tetrahedratf®) bonding between zinc and oxygen. When
TM ions such as Mn ions are substituted in the ZnO matrix (replacing the Zn sites), the TM
ions contribute theirt electrons to the-p3 bonding and form a TRA charge state. The TM-

d bands hybridize with the @-bands in the ZnO matrix and form the tetrahedral bonding in
the ZnO based DMS, which exchanges the interaction between the localizpth8 and
carriers in the host valence band [9].

Currently, the theoretical studies of ferromagnetism in DMS based ZnO is under debate.
However, the most suitable model for studying the nature and the origin of ferromagnetism in
the system of the n-type ZnO doped with TM is called spin-split-orbit model [6, 27]. In this
model, the longer ferromagnetic exchange can be mediated by shallow donor electrons of
bound magnetic polarons formed by point defects like oxygen vacancies [28-29]. If the nearby
TM ions possess parallel magnetic moments3thelectrons in TMd band are allowed to hop
to the3d orbitals of the neighboring TM, which is mediated by charge carriers in a spin-split
impurity band formed by the donor states, therefore, the shallow donor levels get hybridized
with the TM dband and stabilize the ferromagnetic ground state in the system [6, 27].

In this model, the higfic occurred only when thad states of the TM hybridizes with
spin-split-impurity-band states lie at the Fermi level [28-29].

Table 2. 2: Expected oxidation and charge state of Mn and Fe ions presented in ZnO. Neutral
state is referred as the same charge state as Zn ions in the ZnO [9, 25].

Zno 3d® 3d* 3d° 3d°
Acceptor [(-)charge] Mn*
Neutral Mn2* Fe*
Donor [(+) charge] Mn3* | Fe*
Double donor [(2" charge)] | Mn** | Fe**
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Chapter 3: Sensors and their applications based on ZnO nanorods

As we have mentioned in the chapter 1, a sensor is a device that sense to a change of
physical conditions/chemical/biological quantities which produces a measurable signal. Due to the
quantum confinement effects in semiconductor nanostructures with the ability to tailor the size,
structure and properties, therefore, the construction of sensors based nanomaterials offers excellent
prospects for designing novel sensing systems, which provides sensors based nanomaterials of
high sensitivity, improved detection limits, faster responses, smaller amounts of samples can be
measurable, lower cost, easy to use for un-skills users, high-efficiency and less power
consumption. Among metal oxide nanomaterials, zinc oxide (ZnO) nanostructures is one of the
most promising metal oxides due to their attractive physical and chemical properties. Especially,
1-D ZnO nanostructures such as nanorods, nanowires, nanobelts, and nanotube, are becoming e
major focus in nanoscience research and are of interest for many different applications due to their
important physical properties and application prospects. Therefore, the background of sensors,
including biosensors, piezoresistive sensor, and UV photodetector and the applications of ZnO
nanorods based sensors is provided in the following sections.

3.1 Biosensors and their applications based on ZnCanorods
The concept of biosensors started from 1956 by L. &kGVhich is known as the founder

of the oxygen electrode sensor [1]. In 1962 Clark developed a first biosensor by immobilizing
enzyme glucose oxidase on the modified oxygen electrodes and utilized as an electrochemical
detector. The amount of glucose in the solution can measured by the consumption of the dissolved
oxygen [2]. In 1967, the immobilized enzyme glucose oxidase electrode was developed to measure
the concentration of glucose in the biological solution and in the tissues in vitro [3]. A biosensor
uses a biomaterial to sense to the target analytes and converts a biological response into a
measureable signal. It consist of two parts called bio-receptor (biological recognition element)
such as enzyme, antibody, aptamer, and microorganism, which selectively recognizes the target
analytes, and transducer, which converts biological response to a measurable signal such as
current, voltage, resistance, capacitance, mass, light intensity, ... etc. Currently, biosensors have
been used in many applications such as medicine, medical diagnosis, biomedical research, drug

delivery, environmental monitoring, food content, quality and safety, security and defence [4-13].
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The most importance of biosensors is related to high sensitivity, selectivity, chemical stability,
biocompatibility, minimum hardware requirements, fast response time, low cost, and comfortable
for unskilled users. Therefore, the transducer made from the nanomaterials that possess excellence
electrical, optical, magnetic, and mechanical properties is high requirement. Among the
biosensors, electrochemical biosensors have been the most widely used in biosensing applications.
The transducers sense to a biochemical signal produced by a bio-receptor via an amperometric,
potentiometric or conductometric pathway. Furthermore, electrochemical devices are uniquely
qualified for small size, low cost, low volume, minimum hardware requirements, and power
requirements of decentralized testing and indicate great promise for a wide range of biomedical or
environmental applications [11-12]. In electrochemical biosensors, electron transfer between
redox-active biomolecules to electrodes does not always occur directly but it occurs through the
use of redox mediators. However, in biosensors based on direct electron transfer (DET), the
absence of mediators provides the biosensors with high selectivity because both the electrode
material and the enzyme operate in a potential window closer to the redox potential of the enzyme
itself, which makes biosensors resist to interfering reactions [11]. The electrochemical transducer
based metal oxides nanostructures promote the direct electron transfer reactions, amplification and
orient the analytic signal of the bio-recognition response without addition of a mediator to the
analyzed solution. The metal oxides based transducers are suitable for direct and fast biosensors,
which can directly convert the biological recognition response to electrical signal [13]. In
particular, 1-D ZnO nanostructures possess many remarkable properties for biosensors
applications due to their high catalytic efficiency, high surface area to volume ratio,
biocompatibility, chemical stability and strong adsorption ability because of the high isoelectric
point (IEP ~ 9.5), and high ionic characteristics (60%), not dissolve at biological pH and fast
electron transfer. Moreover, the advantages of using ZnO nanorods for sensing applications have
gained much attraction due to their high surface area to volume ratio which makes biosensors
extremely sensitive to minute surface changes, time domain chemical sensing for low
concentrations and the possibility of sensing in single cells or molecule detection available in small
volumes at low concentration [14-17]. These properties make ZnO nanorods ideal candidates for

biosensor applications, which cannot be achieved simultaneously using large sized sensors.
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3.2 Piezoresistive sensor and its applications based on ZnO nanorods

The piezoresistive effect describes the changes ledtrigal resistance in certain
semiconductor materials by applying external force or material deformation [18-19]. This effect
provides direct relation between external mechanical energy and electrical signal. The
piezoresistive effect is widely utilized as a low energy piezoelectronic switch [20], accelerometers,
pressure/force sensors, gyro-rotation rate sensors, flow sensors, tactile sensors, sensors for
monitoring structural integrity of mechanical elements, and for chemical/biological sensors [21].
It noted that, silicon piezoresistive effect is widely used, today. In general, piezoresistive devices
are utilizing different materials like graphene [22-23], carbon nanotube [24-26], rare-earth
chalcogenide enabling nanomechanical switching [27], ZnO nanowires—polyimide nanocomposite
[28], Sb-doped ZnO nanobelts [29], and ZnO porous films [30]. A typical piezoresistive sensor
consists of a semiconductor and two metal electrodes on the ends, either both electrodes are Ohmic
contacts or one electrode is Ohmic and other electrode is Schottky contacts. The change of current
transport characteristics under different applied forces at two contacts are measures. Generally,
either Schottky contact or Ohmic contact on a ZnO nanorods is solely determined by their work
functions. In particular for piezoresistive sensor based on ZnO nanorods, a large area of the
samples with homogenous morphological properties i.e. uniform size distribution and high degree
of alignment, are all required in order to obtain a linear reproducible response from a piezoresistive
sensor. In particular and considering the piezoelectric property, well-aligned ZnO nanorods play
an important role in achieving an improved performance [31]. The method to synthesize the well-
aligned with uniform size distribution of ZnO nanorods and the selected Ohmic and Schottky

contacts for fabrication of piezoresistive sensor applications will discuss in chapter 4.

3.3 UV photodetector and its applications based onr© nanorods

Ultraviolet (UV) photodetector is a UV light-sensgidevices used to detect UV radiation
through electronic processes. In general, the principle operating of all solid-state photosensitive
devices involve three steps, carrier generation by absorption of the incident light, carriers transport
in the device and interaction of current with the external circuit to provide measurable output signal
[32]. Recently, UV photodetector has a large range applications such missile launching detection,
flame sensing, UV-radiation calibration and monitoring, engine control, chemical and biological

analysis, solar UV monitoring, lithography aligners, optical communications and astronomy [32-
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36]. The responsivity and response time are the main characteristics to describe the performance
of the UV photodetector. The UV photodetector possesses higher responsivity and fast response
time are required for the above applications. Recently, several wide direct band gap semiconductor
materials are under intensive investigates in order to improve the responsivity and stability of UV
photodetector. Among them, ZnO nanostructures is one of the most important wide direct band
gap (3.37eV) and high exciton binding energy (60 meV) at room temperature, which makes ZnO
nanostructures is very promising semiconductor nanomaterial for the UV photodetector [33-36].
In addition, ZnO nanorods possess large surface area to volume ratio, which provided the oxygen
adsorption and desorption at the surfaces of ZnO nanorods [33]. Moreover, the performance of
sensors can be improve by doping ZnO nanostructures with different metals. This is due to the fact
that metal-doped ZnO nanostructures have intrinsic donor defects which contributes to carriers
and optical properties, which generates more electron-hole pairs under UV excitation. Due to there
are several challenges for obtaining reliable p-type ZnO which limits to make homojunction p—n
junction based ZnO devices, therefore, metal-ZnO-metal structures based UV photodetectors are
of interest to researchers. Schottky diode based UV photodetectors are more attractive since it
provides high gain, high speed and low noise performance, while Ohmic junction based
photodetector has very long decay time and large dark current [33]. Therefore, Schottky diode
based on ZnO and metal-doped ZnO nanorods are potential candidate for high performance UV
photodetectors and low-cost, large-scale mode of flexible electronics also can be achieved by low

temperature hydrothermal synthesis.
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Chapter 4: Experimental methods

4.1 Synthesis of ZnO and TM-doped ZnO nanorods
As mentioned in the chapter 2, ZnO is a multifunctional material and its diverse

nanostructures can possibly be grown on any cheap and flexible substrates via the hydrothermal
method. ZnO nanorods/nanowires are the most attractive nanostructures for the
nanotechnology. Moreover, by doping TM into the ZnO cause change to its properties and
enhanced the ferromagnetic properties at room temperature. In this work, we mainly
investigated on controlled synthesis of ZnO nanorods and TM-doped ZnO nanorods. The ZnO
nanorods have been chosen in this work due to its unique structural and physical properties
along with their simple growth steps using the hydrothermal method. Then, this was followed
by characterization techniques and finally device fabrications and measurements. The details

of the synthesis methods are provided in the following sections.

4.1.1 Hydrothermal synthesis of ZnO nanorods
4.1.1.1 Synthesis of ZnO nanorods mediated by HMT

In solution growth procedures of nanocrystals, there are two processes: the nucleation and
the growth of the nanocrystals. The growth processes of ZnO nanorods/nanowires consists of
the following procedures: preparation of substrate, seeding, preparation of precursor solution
and growth processes [1-6]. In this dissertation, the ZnO nanorods were grown on a number of
thin films of metal coated glass, glass, semiconductor and polymer coated substrates.

Prior to the solution growth procedures, the substrates were sequentially and repeatedly
immersed in isopropanol under sonication for 5 minutes to eliminate organic contaminant and
unwanted particles. This cleaning step is followed each time by rinsing the substrates in de-
ionized water (DI water) and finally the substrates were blown dried by nitrogen gun and dried
in air at room temperature (RT).

In a typical process, the seed layer was spun coated three times with a seed solution (ZnO
nanoparticles) at 3000 revolutions per minute (rpm) for 30s and then the samples were annealed
in a preheated oven at P20for 10 minutes. The main benefits for using ZnO nanopatrticles as
the seed layer in the hydrothermal growth method is to provide nucleation sites for ZnO
nanorods. Also, the ZnO seed layer was found to be a critical factor for alignment and
uniformity of the grown ZnO nanorods [7]. The seed solution was prepared by dissolving zinc

acetate dehydrate {81006Zn) in absolute methanol (99%) to obtain 0.01 M concentration
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under stirring at 6@ on a hotplate and then followed by adding dropwise a solution containing
potassium hydroxide (KOH) in methanol under vigorous stirring for 2 hours [7].

In the precursor solution preparation process of ZnO nanocrystals, the most commonly used
chemical agents to synthesize of ZnO nanorods/nanowires are zinc nitrate hexahydrate (Zn
(NOs)2:6 H20) and hexamethylenetetramine (HMT)}I{z2N4) [1-7]. In general, the precursor
solution prepared by mixing equimolar of zinc nitrate hexahydrate and HMT under stirring for
one hour [2].

The final process is the hydrothermal growth process. The ZnO seed-layers attached to the
substrates were immersed horizontally in the growth solution and kept in a preheated oven at
9(°C. Then the samples were collected after different growth durations and cleaned with DI
water and dried at RT for further characterizations and device fabrication processes. For most
of the case in this work, 0.075M concentration of the solution has been selected. The reaction

processes involved in this method are described as the following [1-7]:

CeHy2Ny + 6H,0 & 6HCHO + 4NH, 4.1
NHs + H,0 > NH} + OH (4.2)
Zn(N0s), - Zn?* + 2NO3 (4.3)
Zn** + 4NHy » Zn(NHs)3* (4.4)
Zn** + 40H™ > Zn(OH)%" (4.5)
Zn(NH3)3* + 20H™ - Zn0 + 4NH; + H,0 (4.6)
Zn(0H)?™ - Zn0 + H,0 + 20H~ 4.7

In addition for well-aligned and uniform size distribution of ZnO nanorods, the rapid
mixing is applied in order to get a homogenous solution or monodisperse nanoparticles. To
obtain reasonable mono-dispersed nanoparticles for nucleation, the precursor solution should
be designed in such a way that the nucleation occurs with the formation of huge amount of
nuclei in a relatively short time [8]. Generally, the synthesis is carried out by injecting one
chemical compound into the remaining ones within a very short time [8]. In this work, a
solution of Zn ions and an equimolar concentration of HMT solution were separately prepared
in DI water. Then both transparent solutions were rapidly mixed with a flow rate of 10 ml/s by
injecting the HMT solution into the Zn ions solution under continuous stirring. The transparent
Zn ions solution immediately changed to a translucent whitish color within 1 to 5 seconds due
to the rapid hydrolysis of the zinc complexes in the growth solution. Then the mixed solution
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was kept under continuous stirring at room temperature for 15 minutes. Then the final process

followed by the hydrothermal growth process.

4.1.1.2 Synthesis of ZnO nanorods mediated by Ammonia

The developed solution growth method here represents a fast and simpler method for
the growth of the ZnO nanorods. This is due to the fact that this method does not required seed
layers coated on the substrates. So, the substrates can be used for the growth of ZnO on it
directly after cleaning. In this experiment, ammonia rapidly reacts with water to produce
ammonium hydroxide, which provides a continuous souregroffor hydrolysis and aids the
precipitation of the final products. The rapidly mixed ammonia into the nutrient solution
facilitates the homogeneous nucleation of ZnO on the substrate [9-10]. Therefore, when there
is enough ammonia content in the nutrient solution, nuclei of ZnO crystals are formed on the
substrates and dense ZnO nanorods would be produced over a large area.

The growth procedure is described as the followsulpstrates preparation, precursor
solution preparation and growth process. The substrates preparation and growth processes are
performed as mentioned in the growth procedure of ZnO nanorods mediated by HMT above.
While the precursor solution preparation process is done by nix% Mconcentration of
zinc nitrate hexahydrafeén((N0),), - 6H,0] in DI water, using magnetic stirring of the mixture
in a beaker. Then, ammonia solution was rapidly mixed into the zinc nitrate hexahydrate
precursor solution until the solution pH reached 9 under stirring at room temperature for one
hour. In addition, ammonia will lead to form zinc ionic complexes, which are absorbed on the
side planes of the ZnO nanorods. This would lead to suppress the growth velocity of the side
surfaces [10-12]. The expected chemical reactions and the generation of zinc ionic complexes

are given as the following equations:

NH; - H,0 & NH} + OH™ (4.8)
OH™ + Zn?* > Zn(0H), (4.9)
Zn(OH), > 7n0(s) + H,0 (4.10)
Zn** + nNH; & Zn(NH3)#%,n=1,2,3 or 4 (4.11)

The substrates used in this work were metals coated glass (gold and silver coated

glass), semiconductor (p-type Si) and flexible PEDOT:PSS coated on plastic.
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4.1.2 Synthesis of TM-doped ZnO nanorods

As mentioned in the previous chapters, the hydrothermal method is considered as a
promising method due to low cost, environmental friendly, ease of fabrication, large scale
production, and the properties of the materials can be controlled by the growth parameters and
precursor preparation conditions. However, the synthesis of TM-doped ZnO with controlled
shape, structure, and uniformity on any substrates remains a challenge. Therefore, the growth
method developed here represents a new and simple method which maintains the nanorods
structures with high incorporation of dopant concentration. We investigated TM-doped ZnO
nanorods synthesized via both mediated by HMT and ammonia. The synthesis method for TM-
doped ZnO nanorods are almost the same as ZnO nanorods, including substrates preparation,
seeding process, precursor solution preparation and growth process. The only different is the
precursor solution preparation process. Therefore, the next section describes the solution

preparation process for synthesis of the TM-doped ZnO nanorods.

4.1.2.1 TM-doped ZnO nanorods mediated by HMT

In the HMT mediated methodhe preparation of the precursor solution for growing
Mn-doped ZnO nanorods is described as the following:

Firstly, an aqueous solutioh is prepared by mixing of equimolar (0.075 M) of zinc
nitrate hexahydrate and HMT in DI water. Secondly, a diluted sol&tisna solution of Mn
ions prepared by dissolving a specific percentag®afi, - 6H,0] in DI water contained of 20
percent ethanol. Thirdly, the solutiods and B were mixed then homogenized by ultra-
sonication bath for 1 hour and continuously stirred for another 1 hour at RT. Finally, the ZnO
seed-layers coated substrates were placed horizontally in the growth aqueous solution and kept
in a preheated oven for 5 hours at@0When the growth was completed, the samples were

washed with DI water and dried at RT.

4.1.2.2 TM-doped ZnO nanorods mediated by Ammonia

In the ammonia mediated method, the preparation of the precursor solution for growing
Mn-doped ZnO nanorods and Fe-doped ZnO nanorods are described as follow:
e For Mn-doped ZnO nanorods

Firstly, 0.075 Mprecursor solution was prepared by mixifg((N0),), - 6H,0] and a

specific atomic concentration @fin((N0);), - 6H,0] in DI water under stirring for 2 hours.
Secondly, the ammonia solution is rapidly added into the above mixed solution which reached
a pH = 10 and this growth solution was kept under magnetic stirring for 30 minutes at RT.
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Finally, the prepared ZnO seed-layers substrates were placed horizontally in the growth
solution and kept in a preheated oven &Q®@or 6 hours.
» For Fe-doped ZnO nanorods

Zinc nitrate hexahydrate, iron (1) chloride tetrahydrate and iron (1) chloride hexahydrate
were used as precursors. The growth solution was prepared by mixing of 0.075 M of zinc nitrate
hexahydrate anda specific concentration of the iron source prepared by iron ions
[Fe*?:[Fe*3]=1:2 in DI water. Then the growth solution was subsequently stirred for 1 hour at
RT and ammonia solution is added drop-wise to the growth solution, resulting in an orange
solution with a pH = 9.3. This solution was kept under magnetic stirring for another 1 hour at
RT. In this adopted approach, ammonia was used to tailor the pH value in the growth solution
and used to facilitate the growth of ZnO nanocrystals. When there is enough of ammonia
content in the growth solution, the nuclei of ZnO nanocrystals be formed rapidly on over the
substrates and this provides dense and long ZnO NRs growth on over the large area of the
substrate [10-11]. The high amount of ammonia contents used as additive to hydrolyze in the
growth solution provide Fe ions doped in ZnO matrix without morphology deformation.

The schematic diagram of the hydrothermal synthesis of ZnO and TM-doped ZnO

nanorods is simplified and shown as in Figure 4.1.

—

Substrates
Pre- treatment

{ZnO seed \

Seed solution
Preparation

Growth solution
Preparation

Final g

Products

Figure4. 1: Schematic diagram of the hydrothermal growth of ZnO and TM-doped ZnO NRs.
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4.2 Characterization methods

After the growth process is completed, different characterization techniques were used
to investigate the morphology, structure, electronic structure, optical properties and magnetic
properties. Scanning electron microscope (SEM) was used to investigate the morphology of
the samples. X-ray diffraction (XRD) is used to get the detailed information about the crystal
structure of the samples. X-ray photoelectron spectroscopy (XPS) was used to investigate the
electronic structure and the incorporation of the dopant in the samples. The optical properties
were investigated by photoluminescence (PL), cathodoluminescence (CL) and UV-vis
spectroscopies. Finally, the magnetic properties of the material was investigated by
superconducting quantum interference device (SQUID) measurements. In this section, we will

briefly introduce all these characterization techniques.

4.2.1 Morphological, structural and electronic structure characterizations
4.2.1.1 Scanning electron microscope

SEM is one of the most important instruments used for morphology analysis. The SEM
generates images by scanning the samples using a focused electron beam. The electrons interact
with atoms in the sample and produce various signals (surface information of the samples). The
SEM utilizes a focused electron beam to scan across the surface of the samples then it
systematically produces large numbers of signals and these electron signals are converted to a
visual signal, which can be displayed on a screen [13]. The types of signals produced by a SEM
include secondary electrons (SE), back-scattered electrons (BSE), characteristic X-rays, light
(cathodoluminescence) (CL), specimen current and transmitted electrons. However, these
types of signal are not usually present on a single machine and depend on the type of detector
and its own specification. However, in all SEMs, secondary electron detectors are the most
common mode of detection. When the primary beam strikes the surface of the sample, it causes
ionization of specimen (atoms), loosely bound electrons may be emitted (secondary electrons).
These electrons possess low energy (3-5eV), therefore, they possibly can move from a surface
region within a few nanometers. So, secondary electrons accurately mark the position of the
beam and give topographic information with good resolution [13]. The image of the surface is
generated on the screen by scanning the sample and detecting the secondary electrons signals.

In the present work, the SEM images were collected by secondary electron detector.
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4.2.1.2 X-ray diffraction

X-rays diffraction (XRD) is a rapid and a powerful technique used to study the phase of a
crystalline material, information on unit cell lattice parameters, crystal structure, crystal
orientation and crystallite size [14]. XRD is widely used to characterize unknown crystalline
materials. The working principle of the XRD technique is relied on constructive interference
of X-rays and a crystalline sample [14]. In a crystal, the atoms distribute regular in space, which
comes into being crystal lattices. These lattices form a series of parallel planes with spacing
distanced. The x-rays are generated by a cathode ray tube (X-ray produced by the impact of
accelerated electrons with heavy metal such as Cu), filtered (filtered and collimated by nickel
filters) to produce monochromatic X-ray radiation which directed toward the sample. When X-
rays light with wavelength is projected onto a crystal lattice at an arfyléne interaction of
the incident X-rays with the sample provides constructive interference if the conditions satisfy
Bragg's law [15]:

ni= Zdhkl Sln(@) (412)

wheren is an integer 1, 2, 3..... (usually n =%)js wavelength in angstroms (1.5418 A
for cuky,), dni IS Spacing between the planes, @hs the angle between the incident light and
the lattice planes, thedds angle between the incident and scattered beamsngle 26 of
maxmum intensity is called the Bragg angle. All diffraction directions of the lattice will be
generate by scanning through a range tbb@gles on the sample. Figure 4.2 illustrates the
reflection of X-rays from two planes of atoms in a crystal solid. From these XRD pattern, the
lattice parameter of the samples can be estimated by equations 4.13-4.15.

The direction of plane normahkKl] is perpendicular to a plane of atoms and the
diffraction vectorS is the vector bisects the angle between the incident and diffracted beam
[17]. The lattice constantsand ‘c and the spacingn for the wurtzite structure of ZnO can
be calculated using the relations [15-18]:

1 2
A
1 4 h?+hk+k? | 12
== + (4.15)

2 2 2
Ah ki 3 a c
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Figure 4. 2: Typically Bragg Brentano geometry [15-18].

4.2.1.3 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is widely used to investigate the chemical
composition of surfaces based on photo-ionization effect [19-20]. XPS uses to measure
chemical composition at the surface (0 - 10 nm) of the sample, chemical or electronic state of
each chemical element and uses to study the energy distribution from the emitted electrons at
the surface [19-20]. In principle, the XPS spectra generated by radiated an X-rays beam on the
samples. When the X-ray photon energy is higher enough, the core electron will escape from
the atom at the surface of the sample and emit from the surface of the sample with certain
kinetic energy, which is also called photoelectron. Then simultaneously the kinetic energy and
amount of electrons that releases from the top of the material (0 - 10 nm) are measured [19]. In
general, the energy of an X-ray with particular wavelength is known, and the kinetic energies
of the emitted electrons are measured. The working principle of the XPS spectroscopy and

binding energy diagram are illustrated in Figure 4.3.
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Figure4. 3: (a) The working principle of the XPS spectroscopy and (b) binding energy diagram
[19].

Therefore, the binding energy of each emitted electrons can be estimated by the
following equations 4.16 and 4.17 [19-20]:
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Ep = Epnot — (Ex + ®spect) (4.16)

Exy = hv — Ep — Pspect (4.17)
WhereE,is the binding energy (B.E) of the atomic orbital from which the electron originates,
Epnot 1S the energy of the X-ray photons being udgdis the measured kinetic energy of the
electron andp,.. is the work function of spectrometer. The XPS spectrum describes about
the amount of detected electrons as a function of binding energy of the detected electrons. Due
to each element produces a set of XPS peaks at a specific characteristic binding energy values
therefore the XPS normally used to analyze the concentration of the chemical elements on the
surface of the sample. A change in the elemental binding energies (the chemical shifts) can be

used to identify the chemical state of the materials [19-20].

4.2.2 Optical properties characterization

4.2.2.1 Photoluminescence spectroscopy

The photoluminescence (PL) spectroscopy is also an important technique for the
investigation and characterization of the optical properties, electronic structure of
semiconductors and defects occurring in materials [21]. The main principle of the PL
measurements is that, the semiconductor is excited by light photons which has higher energy
than the band gap of the semiconductor such as a laser. Then the incident photons are absorbed
and create electron-hole pairs in the semiconductor. Within a short period of time the electron-
hole pairs are recombined and emit photons from the semiconductor, the energy of the emitted
photons reflects the carrier energy in the semiconductor. Finally, the emitted luminescence
(light) and intensity are collected and recorded to generate a PL spectrum. These emitted
photoluminescence and intensity are the direct measurement of the semiconductor properties

such as bandgap, impurity levels and defect detection and recombination mechanisms [21].

4.2.2.2 Cathodoluminescence spectroscopy

The cathodoluminescence (CL) technique is similar to other spectroscopic techniques
such as PL spectroscopy technique. Comparing the CL spectrum with PL spectrum should yield
similar results. In principle, the electron beam excites the sample, leading to the emission of
light from the semiconductor sample, showing all mechanisms of radiative recombination
which are present. CL spectroscopy is used to investigate the impurity induced defects, trace
element analysis, and to map the spatial distribution of stress around defects. An advantage of
using the CL is the ability to obtain more detailed depth-resolved information by varying the
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electron-beam energy [22-23]. In this work, the CL spectra were characterized by using Mono
CL 4 system integrated with LEO 1550 Gemini SEM equipped with a fast charge-coupled
device (CCD) detection system and Peltier cooled photomultiplier tube for signal acquisition

at an accelerating voltage of 10 kV.

4.2.2.3 UV-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-vis) is a spectroscopy (absorption or reflectance)
in the ultraviolet-visible region. The UV-vis absorption spectroscopy provides information of
light absorption as a function of wavelength, which describes the electronic transitions
occurring in the measured samples. The UV-vis spectrophotometer detects the light intensity
passing through a sample and compares the detected intensity to incident light intensity (light

before passes through the sample) [24]: The absorlaiscemple expressed as Beer’s law:

I
A=—log (—) (4.18)
Iy
Where the ratioy/I, is calledtransmittancel,is the intensity of light passing through the sample

ard lo is the intensity of light before passing through the sample. In this work, the optical band

gap of the grown samples were estimated using the following equation [15]:
k B
a= (H) (hv —E,) (4.19)

Wherea = 2.303 X (3) is the absorption coefficiend, is thickness of the sample (length of

nanorods)p=1/2 for direct band gap semiconductors &ad\/4x is the extinction coefficient,

h is Planck’s constant artt is the incident photon energy [25].

a= (:—U) (hw—E,)"” (4.20)
(ahw)? = C(hv — Eg) (4.21)
The optical energy gap of the samples were obtained from the intercept of the linear portion
with the x-axis of{ahv)? versus hicurve.
4.2.3 Magnetic properties characterization
The physical quantity called magnetic susceptibility,X describes the properties of
the material placed in external magnetic field. Magnetic susceptibility is defined as [26]:
M= y,H (4.22)
WhereM is magnetization of the material in the magnetic field ldnd the field intensity.
While they,, > 1,—1 < y,, < 0,and 0 < y,, < 1 the material is classified as ferromagnetic

materials, diamagnetic materials and paramagnetic materials, respectively. Normally,
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magnetization is measured by using superconducting quantum interferometer device (SQUID)
magnetometer. This is due to the fact that the SQUID provides extremely high sensitivity to
any magnetization such as magnetic impurities, precipitates, clusters, and mixed magnetic
phases. In the case of TM-doped ZnO materials, SQUID measurement is performed to observe
the ferromagnetism behavior at Curie temperatures near/above room temperature [27]. The
combination of SQUID, XRD and XPS measurements can provide information about the origin
of ferromagnetism of the TM-doped ZnO nanostructures. In this work, the origin of the RT
ferromagnetism of Fe-doped ZnO are performed by the combination of SQUID, XRD and XPS

measurements.

4.3 Device fabrications and measurements
After synthesis and characterization processes, the synthesized samples have been used to
fabricate biosensors to detect the creatinine concentration and indirectly determine the mercury

chemical compound, piezoresistive sensors, and UV photodetectors.

4.3.1 Potentiometric biosensors

As mention in the previous chapter, there are different types of the biosensors. In this work,
potentiometric biosensor have been selected. This is due to the fact that the potentiometric
technique is friendly for living biological samples, only the accumulation of charge is measured
and minimum hardware is required. The fabrication processes of the potentiometric biosensor
are divided into three steps: the electrodes preparation, enzyme immobilization and
electrochemical measurement.

« Electrode preparation process

The ZnO-NRs arrays electrode, called working electrode was prepared by growing the ZnO
nanorods on gold coated glass substrates by using the low temperature hydrothermal approach
which HMT is used as the mediator during the growth. It should be noted that at the top of the
gold coated glass substrates were partially covered which preserved to use as contact area.

¢ Enzyme immobilization process

The recognition element (enzyme) was immobilized on the ZnO nanorods arrays by using
the electrostatic physical adsorption technique. The enzyme was electrostatically immobilized
on the electrodes by dipping the ZnO nanorods grown on Au coated glass electrodes into the
enzyme solution for 5 minutes then dried in air for 1 hour at RT. The immobilized electrodes
were stored at 4°C in dry condition. This method was applied for the immobilization of enzyme

on the ZnO-NRs electrode due to the chemical structure. Enzyme such as glucose oxidase
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(GOD) and ZnO both possess polar atoms which can attracted each other through the
electrostatic binding.

» Electrochemical measurements

All the potentiometric biosensor measurements were performed at RT by psingeter
(Model 744, purchase from Metrohm). The Ag/AgCI electrode is used as the reference
electrode and the response time of the biosensor was measured by a Keithly model 2400 series.
The electrochemical reaction could produce charges near the surface of the working electrode
which produces potential difference between biosensor working electrode and the reference
electrode inside the electrolyte solution. The electrochemical response (electromotive force
(EMF)) changed according to the change in concentration of ions in the target electrolyte
solution. The EMF response of ion selective electrodes (biosensor) can be explained according

to the Nernst's expression [28]:

RT ( [0x] )

E = o+ on (o (4.23)

e

WhereE, is the cell potential at standard-state conditidhss the cell potentialT is the
temperature (K)R is the ideal gas constaetis the fundamental charge of electrons and
the number of electrons transferred during the reaction. [Ox] is the concentrations of oxidized
and [Red] is the concentration of the reduced species, respectively. The commonly log form of

Nernst equation at 26 can be express [29]:

0.059 [Red]
E = EO - Tlog( > (424)

[0x]

Biosensors also can be used to detect some toxic chemical compounds by inhibition process of
the enzyme activities. The inhibition between the enzyme and the heavy metal compound are
either irreversible or reversible inhibition [30- 31]. In this work, the inhibition mechanism of
glucose oxidase by mercury is reversible. The inhibitor binds to the enzyme is at a site other
than the active site of the enzyme which makes a change to the shape of the enzyme. The
phenomena leads to change the enzyme activity. The inhibition degree to the glucose oxidase
is given by the following equation [30- 31]:

1% = (%) x 100 (4.25)
Where | % is the degree of inhibitioh, is the response to glucose during the absence of
inhibitor andl is the response to glucose during the presence of inhibitor [30- 31]. Figure 4.4

illustrates the configuration of potentiometric biosensor and its measurements.

44



Experimental methods

]

168.00 mV

.I._._.

— HOUD

"
= calL
e

I ererennce clecirode
R - s working eleetrode

Figure 4. 4: The configuration of potentiometric biosensor and its measurements.

4.3.2 Schottky diode based piezoresistive sensor and UV photodetector

As mentioned in chapter 3, due to the fact that p-type ZnO is difficult to achieve which
limits homojunction p-n junction based on ZnO. Therefore, metal-ZnO Schottky diodes based
sensors are more attractive. Generally, Schottky contact or Ohmic contact with ZnO is solely
determined by their work functions. Ideally, the formation of Ohmic contact between a metal
and a semiconductor junction if the barrier formed by the contact is zero. For n-type
semiconductor and in order to form an Ohmic contact, the work function of the metal must be
close to or smaller than the electron affinity of the semiconductor, this is in contrast to the
Schottky contact [32]. Schottky—Mott model, barrier height of metal-semiconductor junction
is defined by the difference between metal work function and electron affinity of the
semiconductor [33-34]. The schematic of a Schottky barrier junctions with energy level in the
metal and n-type semiconductor are shown in Figure 4.5.
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Figure 4. 5: (a) The energy level in metal and semiconductor (b) the metal-semiconductor
junction at equilibrium(c) band diagram of metal-n-type semiconductor under forward bias
and (d) band diagram of metal-n-type semiconductor under reverse bias [34].

Thel-V characteristics of a Schottky diode can be written as [35-41]:

1= hewp ) [1 - e (57

= loexp ( exp |\ 4= (4.26)
whereq is the elementary charglejs Boltzmann'’s constant, is the absolute temperatuké,
is the applied voltage is ideality factor andbis the reverse saturation current given by:
—q¢B)

kT
whereA* is the effective Richardson constant (theoretically 32 AKA), A is the Schottky

Iy = AA*T?exp ( (4.27)

contact area ands is the barrier height. Under forward bias, fizeandn can be estimated
with a least-squares fit to equation (4.27) and to the slope of the In(l/[1-exp(-qWET9l)s
V plot [35, 37].

In this work, materials such as Au, poly(2,3-dihydrothieno-1,4-dioxin)-
poly(styrenesulfonate) (PEDOT:PSS) were used as the materials to form the Schottky contact
with ZnO and alloy Ti/Au, fluorine doped tin oxide (FTO) and Ag materials are used to form
the Ohmic contact with ZnO. Then the fabricated sensors based Schottky diodes are used for
piezoresistive sensors and UV photodetectors. Figure 4.6 shows a schematic diagram of the
ZnO nanorods and the TM-doped ZnO nanorods Schottky diode based devices for
piezoresistive sensor and UV photodetector. The performance of the piezoresistive sensor was
studied by thd-V characteristics of the fabricated Schottky diode under the application of
different external forces. Also, the performance of the UV photodetector was investigated by
its I-V curve under dark and under UV light at a wavelength of 365 nm with power density of
2 mWi/cnt.

Figure 4. 6: Schematic diagram @chottky diode based on ZnO/TM-doped ZnO NRs.
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Results and discussions

Chapter 5: Results and discussions

In this dissertation, we divided our results into two main parts. The first part (paper I-1V)
is the synthesis of ZnO nanorods, their characterizations and the application of ZnO nanorods
for detection of creatinine and mercury concentrations and piezoresistive sensor. The second
part (paper V-VII) presents the growth, characterization of Mn-doped ZnO nanorods and Fe-

doped ZnO nanorods and their applications as piezoresistive sensor and UV photodetectors.

5.1 Synthesis, characterization of ZnO NRs and their sensing applications
5.1.1 Seed-free hydrothermal synthesis of ZnO NRs (Paper I)

There are two processes for synthesis nanocrystals via the solution growth method,
which are nucleation process and diffusion process of the growth of the nanocrystals [1]. The
seedless hydrothermal synthesis of ZnO nanorods has been improved by introducing an
ammonia or organic compound into the nutrient solution prepared by mixing zinc nitrate
hexahydrate and HMT. The ammonia used here to facilitate the high density nucleation of ZnO
on the substrate instead of using the seed layer [2]. We have developed and adopted a method
for fast and low cost synthesis method for growing ZnO nanorods, which facilitates the
homogeneous nucleation of ZnO on the substrate [2-3]. The ammonia content was added until
the final nutrient solution has reached a pH of 9.3, which results in forming the nuclei of ZnO
crystals on the substrates. Then the growth process was followed by placing different types of
substrates (metals, semiconductor and polymer) in any direction in the final nutrient solution
in a preheated oven at®@ Finally, the morphology transformation, structural and optical
properties of the grown samples were investigated. In Figure 5.1 (a-c), the SEM surface
morphology images of ZnO samples grown at 1 hour, 4 hours and 6 hours have a morphology
of pencil-like, truncated pencil-like, and rod-like morphologies, respectively. While Figure 5.1
(d-f) show ZnO nanorods that can be grown on Au coated glass, Ag coated glass and
PEDOT:PSS, respectively [4]. The XRD measurement was performed for structure
characterization and the optical band gap was obtained by UV-vis spectroscopy. Figure 5.2
shows the XRD patterns of the ZnO nanostructures grown on p-type Si wafer for 2, 4 and 6
hours and Figure 5.3 presents the UV-vis spectra of the ZnO nanostructures obtained for
different growth durations. The XRD spectra show that the diffraction peak corresponding to
the (002) planes is increasing as the growth duration has increased, which indicates that the

ZnO nanorods are growing with an orientation alongctagis The optical energy band gap
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of the ZnO nanorods grown at 2, 4, and 6 hours are estimated to be 2.8, 3.1 and 3.24 eV,
respectively.
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Figure5. 1: SEM images of ZnO growth (a) at 1 hour (b) at 4 hours (c) at 6 hours (d) on Au
coated glass (e) Ag coated glass and (f) PEDOT:PSS coated plastic [4].
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Figure5. 2: XRD pattern of ZnO nanocrystals grown at 2, 4 and 6 hours [4].
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Figure5. 3: (a) UV-vis spectra of ZnO nanostructures grown at 2, 4 and 6 hours and (b)
their optical band gaps [4].

Therefore, this method demonstrated a fast and low cost synthesis procedure for
synthesizing ZnO nanorods with controllable morphology, size and structure on any types of

large area substrate.

5.1.2 ZnO NRs based piezoresistive sensor synthesized by rapid mixing
hydrothermal method (Paper 1)

ZnO nanorods on large area samples with uniform size distribution and high degree of
alignment were synthesized for piezoresistive sensor application. The well-aligned and
uniform size distribution of ZnO nanorods play an important role in achieving an improved
performance of different devices [5]. In this work, well-aligned ZnO nanorods can be
synthesized by the rapid mixing hydrothermal method. The growth procedure can be described
in three steps: seeding process, homogenous solution preparation process and the hydrothermal
growth process. In a typical process, the seed layer was spun coated three times using a seed
solution that has been prepared using zinc acetalte {@Zn) solution in ethanol [6] at 3000
rpm for 30s and then the ZnO seed-layers coated substrates were annealed in a preheated oven
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at 120C for 10 minutes. In nutrients solution preparation process of ZnO nanocrystals, the
most commonly used chemical agents such as zinc nitrate hexahydrate and HMT and they were
also used in the present study [7-8]. In order to prepare a homogenous solution, rapid mixing
has been applied by rapidly injecting the HMT solution into the Zn ions solution with a flow
rate 10 ml/s. The solution of Zn ions and an equimolar concentration of HMT solutions were
separately prepared in DI water. Finally, the hydrothermal growth process was perform
normally by horizontally immersed the ZnO seed-layers coated substrates in the growth
solution and it was kept in a preheated oven & 9Bigure 5.4 (a) and (b) show SEM images
of well-aligned and uniform size distribution of ZnO nanorods grown at 3 and 5 hours,
respectively. The diameter of the grown ZnO nanorods were approximately 300 nm over the
entire samples. In this experiment, 0.075 M of the growth solution is used.

The structural characterization of the ZnO nanorods was shown in Figure 5.5. (a). The
XRD spectra of the ZnO nanorods grown at 3 and 5 hours locatédvatu@s between 30°-
65° are well consistent with the hexagonal phase of pure ZnO diffraction peaks (JCPDS
#800075). The peaks at (002) plane is increasing as the growth duration was increased,
indicating that the ZnO nanorods grown with a dominant orientation alorgakis as the
growth duration is increased. The optical emission of the ZnO nanorods was performed by
room temperature CL as shown in Figure 5.5 (b). It is noted that the optical emission intensities
increased with increasing the growth duration. The increase of the growth duration can improve
the crystal quality of the ZnO nanorods [9]. The result is in good agreement with our XRD
results.

Mag= 1717 KX EHT = 15.00 kv Mag= 6.44 KX EHT =20.00 kV
WD = 6.5 mm Signal A = InLens WD = 3.6 mm Signal A = InLens

T

Figure5. 4: Typical SEM images of the ZnO NRs grown for (a) 3 hours and (b) 5 hours.
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Figure 5. 5: (a) The XRD pattern of ZnO nanorods grown for 3 and 5 hours and (b) Room-
temperature CL spectra of the ZnO nanorods grown at 3 and 5 hours.

The ZnO nanorods grown for 5 hours have been selected to fabricate a Schottky diode

by gently pressed Au-coated plastic sheet onto the top of the ZnO nanorods grown on Ag-

coated glass substrate. This fabricated Schottky diode was used as a sensitive piezoresistive

sensor. The sensor provides high sensitivity and fast response time of S = 0.638ndPa

0.088 s, respectively. Figure 5.6 shows the schematic diagram of the fabricated piezoresistive

sensor|-V characteristics of the device under different loads, the electronic resistance variation

ratios versus applied pressure, and the response and recovery times.
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Figure5. 6: The schematic diagram and performance of the fabricated piezoresistive sensor.
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5.1.3 Potentiometric creatinine biosensor based on ZnO NWs (paper Il1)

1-D ZnO nanostructures possess wide band gap (3.37 eV at RT), high surface area to
volume ratio, high catalytic efficiency, nontoxicity, biocompatibility, having high ionic
bonding (60%), chemical stability and strong adsorption ability due to the high isoelectric point
(IEP ~9.5) and insoluble at biological pH [10-12]. From these properties, 1-D ZnO
nanostructures can be used for the direct adsorption and the interaction with desirable enzymes,
providing a fast electron transfer directly between the enzyme’s active sites and the electrode.
In this work, potentiometric creatinine biosensor fabricated by immobilization of the creatinine
deiminase (CD) enzyme and a chitosan membrane in conjunction with a glutaraldehyde on the
surface of ZnO nanowires is demonstrated. SEM surface morphology images of the fabricated
electrodes before enzyme immobilization, before use and after used are shown in Figure 5.7
(a-c).
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Figure5. 7: The SEM images of ZnO nanowires: (a) before immobilized CD enzyme, (b) after
immobilized CD and (c) the sensor electrode after used [10].
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The electrochemical measurements of the creatinine biosensors based on an enzymatic

reaction catalyzed by CD is given by [13]:

Creatinine + H,0 C—>D N — Methylhydantoin + NHf (5.1
The electrochemical potential can be described by the equation:
ZnOs|Zri? PBS sol||Ag/AgCl PBS sol|Ag (5.2)

The potentiometric response (EMF) of the biosensor changed according to the electrolyte’s
concentration following the Nernst's expression.

The potentiometric response shows a wide dynamic range of the output response (EMF)
linearvs.the logarithmic concentrations of the creatinine with sensitivity of 33.9 mV/decade
and 7 s response time. The calibration curve and reproducibility curves are shown in Figure
5.8. While the time response of the biosensor is shown in Figure 5.9. The developed biosensor
is suitable for detection in small volumes with high sensitivity, good selectivity, fast response

time, reproducibility, and wide dynamic range of operation.
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Figure 5. 8: Calibration curves from three different experiments using the same sensor
electrode versus Ag/AgCl reference electrode [10].
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Figure5. 9: Time response of the creatinine sensor in LO®! creatinine solution [10].

5.1.4 Indirect determination of mercury ion by inhibition of a glucose
biosensor based on ZnO NRs (Paper 1V)

Currently, a new and simple nanotechnology tool with high ability to monitor heavy
metal with fast response time, inexpensive and on-site monitoring is needed. To fulfill these
requirement, a biosensor is used as a useful analytical tools for indirect detection of chemical
compound [14-16]. In this work, potentiometric glucose biosensor based on ZnO NRs used for
indirect determination of mercury compound, resulting from the inhibition of mercury on an
enzyme, called glucose oxidase (GOD). After growth of the ZnO NRs on Au coated glass
substrate, GOD was immobilized on the surface of ZnO NRs by an enzyme solution containing
of 1 mL of GOD solution (10 mg/ml of GOD in the PBS with a pH 7.4) and 1 mL of chitosan
membrane. The chitosan was used as a matrix for the immobilization of GOD on ZnO NRs due
to its excellent membrane forming ability, high permeability toward water, good adhesion,
biocompatibility, non-toxicity and high mechanical strength [17]. The enzyme was
electrostatically immobilized on the surface of ZnO NRs by dipping the ZnO NRs electrode
into the enzyme solution above for 5 minutes and then the electrodes were dried in air at RT
for 1 hour before use and stored in dry condition at 4°C when not in use. Figure 5.10 show the
surface morphology images of the ZnO NRs electrodes before immobilization and after

immobilization of GOD.
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Mag= 10.71 KX Mag= 9.08KX
— —
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Figure 5. 10: The SEM images of the ZnO NRs electrodes (a) before immobilization and (b)
after immobilization GOD [18].

Figure 5.11 (a) presents the glucose sensing mechanism, which shows the enzymatic
reaction catalyzed by glucose oxidase (GOD) wfith-glucose to produce the charged
products ofgluconate and a proton (8. The EMF response to glucose concentration of this
glucose biosensor can be explained by the Nernst's expression and the EMF response of the
glucose biosensor was measured between the working electrode (GOD immobilized on ZnO
NRs) and a reference electrode (Ag/AgCl) in glucose concentrations frémMGo 10 mM.

Figure 5.11 (b) shows the output linear response versus the logarithmic glucose concentrations
with a sensitivity of 41.9 mV/decade.
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Figure 5. 11: (a) The schematic diagram for the sensing mechanism and (b) the calibration
curve for glucose concentrations [18].

The enzyme—inhibitor (mercury ions) reaction have been investigated for the
determination of Hg ions by potentiometric glucose biosensor. Normally, the inhibition
processes between the enzyme and the toxic compound can be reversible or irreversible

inhibition. For GOD, the inhibition process with heavy metals is reversible, which makes the
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inhibitor binds at a site other than the active sftthe GOD, resulting in a changes in a shape
of GOD that leads to a change in its activities. The inhibition degree to the GOD is given

To—1I

by 1% = 100( ) which 1% is the degree of inhibitiofis the response to glucose in the

Io
absence of inhibitor, anldrepresents the response to glucose in the presence of inhibitor [18-
19].

In this work, a low concentration of 1 mM of glucose in a standard phosphate buffer
solution (PBS) is used and its stable EMF response was recdspafter that solutions of
different concentrations of Hgions were added to inhibit the GOD activity and the change in
the EMF responsd) was recorded. The results show that the biosensor has a linear range
versus the logarithm of Hfion concentration of inhibition degree of the GOD. It can be
divided into two linear parts as shown in Figure 5.12 (a-b). The first linear range is.grom
10-°mM 10 0.5 x 10~*mM and the second linear range is fromx 10-*mM to 20 mM. The

biosensor response time is 8 s as presented in Figure 5.12 (c).
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Figure 5. 12: (a-b) Calibration curve for inhibition of mercury ion at low glucose
concentration and (c) the response time of the biosensorZoiétts [18].
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5.2 Synthesis, characterization of TM-doped ZnO nanostructures and their
sensing applications

5.2.1 Low temperature synthesis, structural, and optical properties of Mn-
doped ZnO nanostructures (Paper V)

As mentioned in the previous chapter, introducing TM into the ZnO matrix can improve
its electrical and optical properties, and enhances the room temperature ferromagnetism, which
makes the TM-doped ZnO nanostructures to be of potential. This work presents the
hydrothermal growth of Mn-doped ZnO nanostructures by an adopted procedure used for un-
doped ZnO nanowires described in [6]. In this method, the substrate preparation and seeding
process were done in same way as described in session 5.1.2 above. For homogenous solution
preparation process, firstly, an aqueous solufias prepared by mixing equimolar 0.075 M
of zinc nitrate hexahydrate and HMT in DI water. Secondly, sol@&i@nthe Mn ions solution
prepared by dissolving a specific percentage (1% and 5%) of B in DI water
containing 20% of ethanol. Thirdly, solutio#s andB were mixed and homogenized by
ultrasonication bath for another one hour. Finally, the mixed solution was subsequently stirred
at RT for one hour. For the hydrothermal growth process, the ZnO seed-layers coated substrates
were placed horizontally in the growth solution and kept in a preheated oven for 5 hours at
8C°C. Figures 5.13 (a-c) show the SEM images of ZnO NWs, 1% Mn-doped ZnO sample and
5% Mn-doped ZnO sample. It can clearly be seen that the surface morphology of the ZnO
changed from nanowires-like to nano-disc-like while the Mn concentration reached 5.0%. The
chemical composition and electronic structure of the 5% Mn doped sample have been
performed by EDX and XPS spectroscopies, respectively. Figure 5.13 (d) shows the EDX
peaks of Mn ions at 0.56, 0.63, 5.89 and 6.49 keV. It indicates that the Mn ions was present in
the ZnO sample.

Figure 5.14 (a) shows the XPS spectrum of the 5% Mn-doped ZnO sample. Figure 5.14
(b) shows two strong XPS peaks at 1022.5 eV and 1045.5 eV of binding energy. These peaks
correspond to the energies of the Zg:2pnd the Zn 2fp, respectively. While the XPS peaks
ata binding energy of 531.3 eV belong to the peak of the O 1s (Figure 5.14-c). Figure 5.14 (d)
shows two weak XPS peaks at binding energies of 641.7 and 657.3 eV, which is corresponded
to the binding energies of Mn 2pand Mn 2ps2, respectively [20-22]. These results indicated
that there are small amount of finincorporated into the ZnO matrix, which is the ¥In
valence state replacing some of the Zn ions in the®mo.oO NWs. Figure 5.15 (a) shows
that the (002) peaks of 1% Mn-doped ZnO sample and 5% Mn-doped ZnO sample were shifted
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to lower @ values and the FWHM was larger while increasing the manganese concentration.
This shift is due to the difference in ionic radii of Mr§~0.66 A) and Z&* (~0.60 A) which
indicated that the Mn ions were incorporated into the ZnO crystal lattice. Figure 5.15 (b)
presents the room temperature PL emission of 5% Mn doped ZnO sample. The two dominated
peaks of UV emission centered at 378 nm (3.28 eV) and a sharp peak of visible region centered
at 529 nm (2.34 eV) were observed. The PL emission peak at the visible region is different
with the peaks of the undoped ZnO NWs samples which possesses a broad emission peaks
around 529 nm. This is due to the absence of some oxygen vacancy caused by the incorporation
of Mn ion into the ZnO matrix [23].
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Figure 5. 13: The SEM images (a) ZnO NWs (b) 1% Mn-doped ZnO NWs (c) 5% Mn-doped
ZnO sample and (d) EDX spectrum of 5% Mn-doped ZnO sample [23].

62



Results and discussions

Intensity (a.u)

Intensity (a.u)

2Ny o5Mn, uso‘

@

nape

T T T T
4] 200 400 600 800

T T T
1000 1200

Binding energy {eV)
C
O1s ( )
T T T T T T T
526 528 530 532 534 536 538

Binding energy (eV)

1
540

Intensity {a.u}

(b)

Zn2p,,

Zn2p,,

Intensity (a.u)

e
Tt

T 1
1050 1055

(d)

Mn2p, .

Wnﬁi‘m
Jy

§

T T T T T T
1020 1026 1030 1035 1040 1045

Binding energy (V)

Sl

Mn 2p,,,

g |

Y N
Mv“w ww’%

T T T T T T T T T T T T T 1
6368 B3B 640 642 B44 B46 ©645 650 652 654 656 658 660 662

Binding energy (eV)

Figure5. 14: The XPS spectra (a) 5% Mn-doped ZnO (b) Zn 2p (c) O1s and (d) Mn 2p [23].
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Figure 5. 15: (a) The XRD patterns the (002) peaks of undoped ZnO and Mn-doped ZnO

samples and (b) the room temperature PL spectrum of 5% Mn-doped ZnO sample [23].
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5.2.2 Fast piezoresistive sensor and UV photodetector based on Mn-
doped ZnO NRs (Paper VI)

Synthesis of Mn-doped ZnO NRs with controlled size, structure, and uniformity on any
substrates remains big a challenge. In this work, Mn-doped ZnO NRs were synthesized by a
new and simple method which was adopted by using ammonia as a sooncersitead of
HMT, which maintains the structures with high incorporation of Mn dopant concentration in
the ZnO matrix [24]. The synthesized Mn-doped ZnO nanorods was fabricated as Schottky
diode and used for fast piezoresistive sensor and UV photodetector.

The growth procedure is performed by mixing a 0.076fMinc nitrate hexahydrate
and 15% atomic concentration of manganese nitrate hexahydrate in DI water for 2 hours. Then
ammonia solution is rapidly injected into the mixture solution under stirring, which makes the
growth solution to have a pH = 10. Finally, the mixed solution was kept under stirring for 30
minutes at room temperature. The growth process was performed typically by horizontally
placing the prepared ZnO seed-layers coated substrates in the growth solution and they kept in
a preheated oven at 9C for 6 hours. The experimental results shows that the surface
morphology of the ZnO NRs and theo&8Mno.1s0 NRs have hexagonal shapes with diameters
varying between 250-350 nm as in Figure 5.16.

Mag= 58.55KX EHT = 15.00 kv
WD = 6.7 mm Sigrm A = InLens

| § i ] . WP
Figure5. 16: (a) SEM image of ZnO NRs and (b) SEM image 0f£fno.1s0 NRs [24].

To investigate the structure and the existence of thi Mins substituted in the lattice
position of Zn site, the XRD and XPS spectroscopies were kggate 5.17 (a-b) show XRD
patterns of ZnO NRs and ZMno.1s0 NRs. The diffraction peaks of ZgMno.1s0 sample
shows that the sample grows along thaxis without any impurity phases such as metallic
manganese or manganese oxides that have been observed. Its (002) peak position was shifted
and the FWHM was larger in comparison to the (002) peak of the ZnO NRs sample. This
indicates that the Mn ions replaced the Zn sites in the ZnO NRs matrix [20]. Figure 5.17 (c)
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shows two peaks at 641.15 eV and 657.5 eV, whictespond to the binding energies of Mn
2psr2 and Mn 2py, respectively. These results indicate tha®Mans were incorporated into

the ZnO NRs crystal matrix [20-26]. A comparison of UV-vis absorption spectra of ZnO NRs
and Mn-doped ZnO NRs are shown in Figure 5.17 (d). In the UV region, the absorption
intensity of the Mn-doped ZnO sample was higher and shifted towards lower wavelength

compared to ZnO NRs. This blueshift can be explained by the Burstein-Moss effect [27].
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Figure 5. 17: (a-b) XRD pattern of ZnO and &Mno.1sO NRs (c) the XPS spectrum of the
Mn2p and (d) the UV-vis absorption spectra of ZnO angk#hng. 10 NRs [24].

Figure 5.18 (a) shows theV characteristic of the device under both dark and UV
illumination of 2 mW/crd with a wavelength of 365 nm and the inserted graph shows the time
response. The responsivity value was calculated under 5V of forward bias to be 0.065 A/W and
response times was found to be about 2.75s. The Schottky diode also works as piezoresistive
sensor. Figure 5.18 (b) shows th¥ characteristics of the fabricated piezoresistive sensor
under different applied loads g§mm;>...> my) with the insert showing a schematic diagram
of the device and its response time. The fabricated sensor shows good reliability with relatively
fast response and recovery times~d1.03s and~0.27 s, respectively. The device shows

electronic resistance variation ratios versus the applied loads can be divided into two linear
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parts, the first linear range is up to 20 KPa witkssure sensitivity (S) of 0.00617 KPand
the second linear range is from 20 KPa to 320 KPa with S = 0.00018b(KRarre 5.18 c-d).
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Figure 5. 18: (a) |-V characteristics of the Mn-doped ZnO Schottky diode based UV
photodetector and the inserted its response time, (b) I-V characteristics of the piezoresistive
sensor based device under external applied loads, the inserted schematic diagram of the device
and the response time and (c-d) the electronic resistance variation ratios of the piezoresistive
sensor [24].

5.2.3 Synthesis of Fe-doped ZnO NRs by rapid mixing hydrothermal
approach and its high performance UV photodetector (Paper VII)

We believe that by introducing TM into the ZnO nanomaterial we can possibly enhance the
room temperature ferromagnetic properties. We also believe that Fe-doped ZnO NRs can be
useful for many nanotechnology applications, including nanoelectronics, optoelectronics, spin
electronics applications and sensor devices [28-30]. In this work, the synthesis method
developed to grow Fe-doped ZnO NRs represents a new and simple method. The synthesized
Fe-doped ZnO NRs were used to fabricate a simple Au/Fe-doped ZnO Schottky diode UV
photodetector. In this growth meth@eaNo;, - 6H,0), (FeCl, - 4H,0) and(FeCl, - 6H,0) were used
as source materials. The growth solution was prepared by one hour mixing of 0.075 M
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of (znNo, - 6H,0) and a specific amount of iron ions with the ratio of [FeFe™=1:2] in DI

water. Then ammonia solution is added dropwise to the above solution to reach a pH of 9.3 and
kept under stirring for another hour at room temperature. Finally, the prepared ZnO seed-layer
coated substrates were placed horizontally in the growth solution and kept in a preheated oven
for 6 hours at 90C. The UV photodetector Schottky device was fabricated by gently pressing
atransparent FTO film on top of the 5% Fe-doped ZnO NRs grown on gold coated glass. The
XRD measurement and XPS spectroscopy were used to investigate the structure and electronic
structures of the grown samples, respectively. The SEM and SQUID were performed to
investigate the surface morphology and the room temperature ferromagnetic properties of the
Fe-doped ZnO samples. Figure 5. 19 (a) shows the XRD patterns of ZnO NRs, 1% and 5% Fe-
doped-ZnO NRs. It is noted that Fe-doped ZnO samples possess hexagonal wurtzite structure
and grown along the-axisand there is no secondary phase of irons or iron oxides have been
observed. Furthermore, the peaks position at the (002) peak were shifted towards higher
diffraction angle and their FWHM became larger while increasing the iron concentration.
Figure 5. 19 (b) shows the binding energy of the Fe 2p signals and the Zn Auger peaks between
695 and 736 eV binding energy for both the ZnO nanorods and the Fe-doped ZnO samples. It
can be seen that the Fe related signal in the 1% Fe-doped ZnO sample could not be resolved
from the Zn Auger due to its relatively lower intensity. However, the ke 2pd Fe 2p

peaks located at 725.47 and 711.7 eV are clearly observed in the 5% Fe-doped-ZnO samples
[31]. The surface morphologies of the 1% and 5.0% Fe-doped ZnO NRs with diameters varying
between 100-300 nm are shown in Figure 5. 20 (a-b). Figure 5.20 (c) shows the room
temperature ferromagnetic behavior of the Fe-doped ZnO samples measured by the SQUID
technigue. The ferromagnetic hysteresis loops are clearly observed in the Fe-doped ZnO
samples. The magnetization values were increasedfsoR1106 emu t09.1 x 10~¢ emu for the

1% and the 5% Fe-doped ZnO NRs, respectively. From these systematic investigations, we can
conclude that irons ions were incorporated in the ZnO NRs matrix without much morphological
or structural deformations and the room temperature ferromagnetism have been enhanced [31].
Figure 5.21 (a) shows thHeV curves of the fabricated Schottky device under dark and under
UV illumination. The performance of the UV photodetector was investigated by its
responsivity and response time. The responsivity was calculated at 5V forward bias to be 2.33

A/W. Figure 5.21 (b) shows 5s and 29s response and recovery times, respectively.
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Figure5. 19: (a) The XRD patterns of Fe-doped ZnO NRs at (002) peaks and (b) XPS spectra
of Zn Auger from ZnO and Fe 2p from Fe-doped ZnO NRs [31].
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Figure5. 20: (a) The SEM images 1% Fe-ZnO NRs (b) the SEM image of 5% Fe-doped ZnO
NRs and (c) room temperature ferromagnetic for Fe-doped ZnO NRs [31].
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Chapter 6: Summary and future prospects

6.1 Research summary

This dissertation deals with studies on the hydrothermal synthesis of ZnO, Mn-doped
ZnO and Fe-doped ZnO nanostructures, their characterization and application for biosensors,
piezoresistive sensors and UV photodetectors.

In paper |, we have developed a fast and low cost seed-free hydrothermal synthesis ZnO
nanostructures with controllable morphology, size and structure. The samples were grown on
large areas of Au and Ag coated glass, p-type Si and flexible PEDOT:PSS substrates. A
systematic investigation using SEM, XRD, CL spectroscopy and UV-vis absorption suggested
that the ZnO NRs can be grown on any type of substrates and the quality of the ZnO NRs can
be tuned by increasing the growth duration.

Since well-aligned and uniform size distribution of the ZnO NRs over a large substrate
is needed for large scale production. Therefore in paper I, we have synthesized well-aligned,
shape controlled and uniform size distribution of ZnO NRs by using a new rapid mixing
hydrothermal method and its development for high sensitivity and very fast response time
piezoresistive sensor were demonstrated. This is of potential for industrial, civil and
transportation applications. The fabricated piezoresistive sensor can be utilized as a very useful
human-friendly interactive electronic device for load detection.

Currently, biosensors are widely used in both clinical health care system and in
environmental monitoring applications and due to the fabrication of low cost, simple and easy
to use of biosensor device to the users is required. In paper lll, we have fabricated a
potentiometric creatinine biosensor based on electrostatic immobilization of creatinine
deiminase (CD) with a chitosan membrane in conjunction with glutaraldehyde on the surface
of the ZnO NWs grown on gold coated glass substrates. The performance of the fabricated
biosensor indicated a sensitive, selective, stable, reproducible and fast response time of
creatinine biosensor. In paper IV, we have developed a potentiometric glucose biosensor by
immobilization of glucose oxidase on ZnO NRs grown on gold coated glass not only used for
detection of glucose concentration but also used this glucose biosensor for indirect
determination of environmental mercury ions. The detection limit to mercury ion was 0.5 nM
and the biosensor shows highly sensitive, selective, stable, reproducible, anti-interference, and

fast response time to the mercury ions. The application of the glucose biosensor to indirectly
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detect the mercury ions possess several advantagess inexpensive, minimum hardware
required, and suitable for onsite use and can be used by unskilled users.

Since diluted magnetic semiconductors are interesting in many applications of
nanotechnology and they can be achieved by introducing transition metals into ZnO
nanomaterials, and this results in changing of structural, electrical, optical properties and
enhances the room temperature ferromagnetic of TM-doped ZnO nanostructures. Therefore in
paper V, we synthesized Mn-doped ZnO nanostructures by a low temperature aqueous
chemical growth (ACG) method. A systematic investigations by using SEM, EDX, XRD, XPS
and PL spectroscopies showed that the Mn-doped ZnO samples had wurtzite structure and the
incorporation of Mn ions into the ZnO matrix without any secondary phases have been
achieved. The surface morphology was changed from nanorods-like to nano-disc-like with
increasing the dopant concentration.

Since nanorods/nanowires structures is the most promising nanostructure for
development of nanotechnology. Therefore in paper VI, we have presented a development of
low cost hydrothermal synthesis of Mn-doped ZnO NRs with controllable morphology and
structure. Ammonia was used to tailor the ammonium hydroxide concentration instead of using
HMT. The Mn-doped ZnO NRs have a hexagonal wurtzite ZnO structure and grow along the
c-axis and the Mn ions replaced the Zn sites in the ZnO NRs matrix without any secondary
phase and its optical property has been improved in comparison to the undoped ZnO NRs. The
fabricated PEDOT:PSS/48Mno.150 Schottky diode used for fast piezoresistive sensor and
UV photodetector. In paper VII, this new adopted hydrothermal method by using ammonia
instead of HMT have been applied to synthesize Fe-doped ZnO NRs and their RT
ferromagnetism was investigated. A SQUID measurements showed that the Fe-doped ZnO
NRs possesses RT (300 K) ferromagnetic behavior and the magnetization versi-Figld (
hysteresis was increased as the dopant concentration increased. Finally, the fabricated Au/Fe-
doped ZnO Schottky diode and used as UV photodetector showed very high responsivity and
fast response time.

6. 2 Future prospects

There are still plenty of challenges that need to be investigated for both undoped ZnO
ard TM-doped ZnO NRs, which can affects their properties such as the influence of the growth
parameters such as pH, stirring time, mixing procedure, growth temperature and so on. A
further study with more detailed characterization for better understanding the relation between

the Mn concentrations and their ferromagnetism in Mn-doped ZnO NRs is needed. Since the
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surface morphology, surface area to volume ratestital and optical properties of ZnO NRs
influence the performance of the sensors. Therefore, continued research efforts in applying our
synthesized ZnO NRs and TM-doped ZnO NRs would open new development for many
different types of nanosensors such as chemical and biological sensors. Optoelectronics,
photonic devices, and spintronics applications such as spin-based light emitting diodes and spin

transistors fabricated on low cost and flexible substrates can be interesting to realize.
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