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Abstract:

Solution-processable materials are becoming increasingly attractive due to their use in low cost,
high throughput and relatively easy fabrications. In addition, the possibility of high-resolution
patterning makes solution-based materials particularly suitable for integrated applications. The
material that was investigated in this work is zinc oxide nanoparticles (ZnO NPs) dispersion,
motivated by the highest resolution on record of optically addressed spatial light modulators
(OASLMs) using solution-based ZnO NP as photoactive material. ZnO is a popular type of
semiconductor compound from I1-VI group and ZnO NPs are the nanocrystalline form of ZnO,
which exhibit many unique and superior properties such as direct and wide bandgap, large
surface-to-volume ratio, antibacterial and eco-friendly nature. Therefore, the investigation of
ZnO NPs in terms of their physical properties, post processing effect, patterning techniques,
and applications are of great significance.

In this work, thin films made from ZnO NP dispersion in ethanol was characterized in detail
including their structural, electrical, dielectric and optical properties. The post-processing effect
such as thermal annealing and oxygen plasma treatment was also investigated. Then ZnO NP-
based OASLM was researched by simulation and device characterization regarding electrical
and optical properties. More importantly, the optimization of ZnO NP-based OASLMs was
conducted in terms of diffraction efficiency and response speed, which are two key factors
limiting the development of ZnO NP-based OASLMs. The diffraction efficiency was improved
by pinpointing the optimum parameters of the driving signal such as waveform, amplitude and
frequency. And the response time was reduced by several methods such as thermal annealing,
introducing an interfacial layer and replacing the photoconductive ZnO NP layer with ZnO NP-
based photodiode structure. The sensing of oxygen partial pressure in air by ZnO NP thin film
was also observed and studied. Moreover, device miniaturization was achieved by the mould-
guided drying technique, indicating a promising future for integrated applications. This
patterning technique was also used for another type of solution-based material: PEDOT:PSS.
And PEDOT:PSS-based organic electrochemical transistors (OECTs) with nanoscale channel
length and channel width were realized by including a lift-off process, which demonstrated a
great high-frequency response.
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Chapter 1 Introduction

Solution-processable materials have been attracting more and more attention in recent years
due to their advantages in low cost, large-scale production, tailorable properties, applicability
for various post-processing techniques, compatibility with flexible substrates and low
fabrication requirements [1], [2]. Furthermore, solution-based materials can also provide
superior performance such as the highest resolution of OASLM on record (825 Ip/mm) using
colloidal ZnO NP dispersion [3], so they have become regarded as the next generation materials
for a wide range of applications. In addition, the demand for transparent semiconductor
materials with a wide bandgap is growing dramatically since applications such as wearable
electronics, transparent displays, artificial organs and radio-frequency identification (RFID) are

becoming unprecedentedly significant during the last decade [4], [5].

Solution-processed zinc oxide nanoparticles (ZnO NPs) in ethanol is one of the main research
topics in this work. ZnO is a popular semiconductive material with a direct and wide bandgap,
high thermal conductivity, optical transparency, high electron mobility and tuned conductivity
[6]. Recently, an increasing amount of research has been conducted into ZnO NPs since ZnO
NPs have a large surface-to-volume ratio and are defect-rich, behaving differently from other

forms of ZnO.

In this chapter, fundamental properties of ZnO and ZnO NPs are discussed, followed by the
introduction to the fabrication and patterning techniques for solution-processable materials.
Furthermore, applications of ZnO NPs such as optically addressed spatial light modulators

(OASLMs) and oxygen partial pressure sensors are introduced.

1.1 Fundamentals of ZnO and ZnO Nanoparticles

ZnO has been widely investigated over the past several years due to its semiconductive nature,
low toxicity and availability in large bulk single crystals [6]. A broad range of potential
applications of ZnO have been widely used. For instance, ZnO is a promising semiconductor
material for electronic and photonic applications (UV sensors [7], LEDs [8], solar cells [9],
photocatalyst [10] and lasers [11]) due to its wide bandgap (3.37eV) and high exciton binding
energy (60meV) at room temperature [12].

ZnO NPs normally have a particle diameter between 1nm~100nm, and they generally have a

large surface-to-volume ratio, enhanced surface reactivity [13] and other size-dependent
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features. Similar to ZnO, NPs of ZnO are also used in miscellaneous products such as ceramics
and plastics etc [14]. In addition, the antibacterial properties of ZnO NPs make them particularly
appealing in pharmaceutical and food industries [13], [15]. Although ZnO NPs exhibit
antimicrobial and antibacterial activities, they are reported to be non-toxic to human cells [16],

so they are also suitable for cosmetic products such as sunscreens and dental fillings.

1.1.1 Basic properties of ZnO

ZnO is a group I1-VI compound with a natural n-type conductivity due to its intrinsic defects
such as oxygen vacancies and zinc interstitials. There are normally three types of lattice
structures for ZnO: wurtzite, zinc blende and rock-salt. Wurtzite structure is the most stable
structure at room temperature because of the ionic behaviour of Zn-O bond [17], which comes
from the large difference in electronegativity between Zn and O. In contrast, ZnO of zinc blende
structure is more covalent in Zn-O bond. Wurtzite ZnO has a hexagonal lattice, indicating that
every Zn atom is surrounded by 4 O atoms and vice versa, as is shown in figure 1.1 below. The
lattice parameter a and ¢ of wurtzite ZnO are about 3.24 A and 5.20 A respectively, having a
ratio (c/a) of 1.633 [18].
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Figure 1.1 Lattice structure of wurtzite ZnO.

In general, ZnO crystal has a wide and direct bandgap of 3.37eV, which could be varied by
adding Mg (increased bandgap) or Cd element (decreased bandgap) [6]. The electron mobility
of bulk crystal ZnO has been reported to be between 205 and 298 cm?v!s™at low electric field
[19]. In contrast, thin-film ZnO has a relatively lower electron mobility from 120 to 155 cm?v-

1s1in a low electric field [20], [21]. Charge scattering is the dominant factor limiting electrical
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mobility in a low electric field and the scattering results from the ionized impurities and lattice

defects.

Similar to most semiconductor materials, the properties of ZnO are strongly dependent on trap
states and defects. For instance, the n-type conductivity of ZnO was attributed to oxygen
vacancies (Vo) [22], [23] before this theory was overturned by the existence of hydrogen
species because Vo is a deep donor (1eV below conduction band) and cannot affect the density
of equilibrium charge [24], [25]. The optical absorption is also influenced by Vo. It has been
reported that the absorption range broadens as the concentration of Vo increases [26]. It was
also found that the absorption edge shifts towards a longer wavelength as the concentration of
Vo increases, which implies that the band gap decreases (from 3.2eV to 2.5eV for ZnO and
Zn0o.952) [22]. In terms of photoluminescence (PL), two emission peaks are normally observed
in ZnO. Near-UV peak (3.3eV) is generally considered to be associated with band-to-band
recombination of electron-hole pairs from conduction band to valence band. The other peak
(2.2eV) lies in the visible range (green) and the reason is still controversial. Some researchers
claimed that it is due to the electrons trapped in deep Vo states (1eV below conduction band)
[27], [28], [29]. However, this is challenged by many researchers. Other mechanisms for green
emission were also proposed such as zinc interstitials, Cu impurities, donor-acceptor transition
and surface defects [30], [31].

ZnO also has other interesting features such as the large piezoelectric constant, which enable
Zn0O-based transducers and actuators. High thermal conductivity of ZnO also makes it valuable
as an additive for heat dissipation [6]. Moreover, the radiation hardness of ZnO was reported to

be high, which makes it suitable for aerospace applicants [32].

1.1.2 Basic properties of ZnO NPs

ZnO NPs are the nanocrystalline form of ZnO and they tend to show increasingly dominant
guantum effect and surface effect as the size decreases, such as enlarged bandgap and enhanced
chemical reactivity [15]. The surface reactivity of ZnO NPs has received considerable research
interest from pharmaceutical and biological industries. In addition, ZnO NPs are rich in defects
and the surface defects have a strong influence on their properties due to the larger surface-to-
volume ratio of ZnO NPs compared to bulk ZnO. Many types of defects exist in ZnO NPs such
as oxygen vacancies (\V0), zinc vacancies (Vzn), zinc interstitials (Zn;), and dangling bonds. Vo
and Zn; are the most common defects. Although enormous efforts have been put into

investigating the properties ZnO NPs, there are still several unresolved challenges such as the
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origin of green emission (typically around 520nm) in photoluminescence (PL) and p-type
doping [33], [34]. Among all the interesting features of ZnO NPs, two properties are of

particular interest to this work: UV sensitivity and oxygen sensitivity.

e UV sensitivity

ZnO NPs are suitable for UV photodetectors due to the high UV absorption and high
responsivity to UV light, while ZnO NPs have little sensitivity for visible light. UV illumination
results in an increase in electrical conductivity, which is generally attributed to the desorption
of oxygen molecules on ZnO NPs [7], [35]. Oxygen molecules tend to be adsorbed on the
surface of ZnO NPs by capturing free electrons. As a result, ZnO NPs are surrounded by highly
resistive depletion layers (oxygen ions). Free electron-hole pairs are generated upon UV

radiation, releasing electrons from oxygen ions and increasing the electrical conductivity.

On the other side, the large surface-to-volume ratio of ZnO NPs enhances this process compared
to bulk ZnO and makes ZnO NPs particularly suitable for UV detectors. It has been reported
that UV photodetectors, that were based on the solution-processed ZnO NPs, exhibited high
dark resistance (>1TQ) and fast response speed (characteristic rise time and fall time of <0.1s
and ~1s respectively) [7]. Other researchers also achieved a current on/off ratio of 10° using
ZnO NPs dispersions [35].

e Oxygen sensitivity

Similar to UV absorption, the oxygen sensing capability of ZnO NPs is generally ascribed to
the adsorption and desorption of oxygen molecules on ZnO NPs by capturing or releasing
electrons. Large surface-to-volume ratio increases the exposed area in the air and enhances the

sensing performance such as sensitivity and stability compared to polycrystalline ZnO [36].

Researchers have been carrying out investigations of the oxygen sensing behaviour of ZnO NPs.
For instance, electrochemically deposited ZnO NPs were used to fabricate oxygen sensors,
which showed a reversible response to oxygen [36]. However, the response speed was slow
(the fall time is about 16.5min). Other researchers also noticed the thermal stability of the ZnO
NPs-based oxygen sensor and they demonstrated that the oxygen sensitivity of ZnO NPs
remains until 350°C, which indicated a wide range of operation temperature for ZnO NPs-based
oxygen sensors [37].

It has also been reported that ZnO NPs are sensitive to the existence of other gas species. For

example, ethanol sensitivity was observed and the researchers ascribed the sensing mechanism
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to Vo-dependent concentration of free charge carriers [28]. Other mechanisms were also
reported in NO2 sensing, which was claimed to be a result of direct binding between NO>

molecules and Vo on the surface of ZnO NPs [38].

A broad range of applications have incorporated ZnO NPs such as light emitting diodes (LEDs)
with high brightness, UV lasers with extremely low thresholds, solar cells with efficient charge
transport and UV detectors with high internal gain [22], [33], [34], [39]. ZnO NPs are also used
in chemical and biological industries due to their antibacterial properties. Several antibacterial
mechanisms have been reported such as the abrasive surface of ZnO NPs (edges and corners),
the release of Zn?* ions and the formation of reactive oxygen species (ROS) [13], [15]. However,

the exact mechanism of antibacterial activity is still controversial.

1.2 Solution-Based Fabrication Processes for Thin Films and Features

Solution-based processes have several advantages over other fabrication techniques such as
simple process, effective cost, high-yielding production and it is relatively easy to control their
composition. Recently, low-temperature and solution-processed metal oxide semiconductor
materials have been the centre of attention and researchers have attempted to fabricate
transistors using InZnO, InGaZnO and ZnSnO from their solutions [40], [41]. Meanwhile, a
wide range of applications have been reported using solution-processed metal oxide materials,

such as UV photodetectors, biosensors and memory devices. [42]

However, it was reported that solution-processed semiconductor materials generally have worse
electrical performance than vacuum-processed materials due to the low charge carrier mobility
and poor film uniformity [42]. In order to improve the device’s performance while maintaining
a low processing temperature, attempts have been made such as using dual active layers,

precursor optimization and high-pressure annealing.

Various techniques have been developed to process solution-based materials during the past
decade such as spin coating, inkjet printing and spray pyrolysis. Spin coating is the most popular
method, though it is also limited by the choice of pattern. In this section, different techniques

for solution-based fabrication processes are introduced.

1.2.1 Spin coating

Spin coating is the most popular fabrication technique for thin films. Liquid precursor thins
itself during the spinning in order to balance the centrifugal force and viscous force. Spinning

parameters such as rotation speed, time and acceleration all play a significant role in film
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thickness and uniformity. As a general rule, the film thickness is inversely proportional to vw,

where w is the angular speed of rotation.

The spin coating has several advantages such as low cost and fast operation. More importantly,
it is able to provide a great film uniformity and the film thickness tend to remain itself during
the process [43], [44]. On the other side, spin coating has a requirement for substrate size as it
is difficult to rotate large-size substrate at high speed. In addition, the material usage is very

low (<5%) [43] and the cost rises due to material disposal.

It has been reported that high-mobility transistors (5.25 cm?/Vs) based on ZnO precursor using
spin coating was achieved [45]. The devices also showed a good stability over time. Highly
reproducible transistors by spin-coating ZnO precursor were also realized and the transistors

had a mobility of 6 cm?/Vs and current on/off ratio of around 10° [46].

1.2.2 Photopatterning

Traditional photolithography is possible for solution-processed thin films. However, this might
bring about issues such as contamination and chemical reactions with photoresists or developers.
Direct photopatterning was proposed by adding acetylacetone or benzoylacetone (BzAc) into
metal oxide solutions [42]. UV illumination results in the decomposition of BzAc into oxides
or hydroxide, which makes BzAc insoluble in the solvent (such as 2-methoxyethanol) [47]. It
has been reported that InZnO-based transistors fabricated with direct photopatterning had a
mobility of 7.8 cm?/Vs and a current on/off ratio of more than 10® [48]. InGaZnO transistors
fabricated with the same method were also reported [49]. Moreover, femtosecond laser is also
a potential technique for direct photopatterning and it was noticed that laser annealing enhanced

the charge carrier mobility [50].

1.2.3 Printing

Printing is also a direct patterning technique with little material waste and high reproducibility.

It can be further classified into contact printing, inkjet printing and nanoimprint lithography etc.

Contact printing has been widely used in the roll-to-roll process due to its high fabrication
efficiency and capability in large-scale production. However, it is also limited by the pattern
resolution and layer homogeneity. Moreover, contact printing requires high-viscosity inks. The
most common type of contact printing is gravure printing, providing large throughput, low cost
and large area. Researchers have used gravure printing to fabricate InGaZnO transistors with a
field-effect mobility of 0.81 cm?/Vs and current on/off ratio of 1.36x10° [51].
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Inkjet printing is the most promising technique to prevail in the real world. It is a direct and
noncontact patterning method with a computer-controlled nozzle. The nozzle movement is
predesigned and controlled by computer, and the ink in the nozzle is ejected on a drop-on-
demand basis. High-mobility transistor has been reported with a field-effect mobility of 16
cm?/Vs [41]. Likewise, InGaZnO-based transistor array was reported with a spacing of 50 pm
[52]. Fully-aqueous ink was reported to fabricate indium oxide transistors and the transistor
showed a great electrical performance with field-effect mobility of 19 cm?/Vs and current on/off
ratio of 107 [53]. However, inkjet printing has notable disadvantages such as nonuniformity and
coffee ring effect [42].

1.2.4 Mould-guided drying

Deposition by liquid drying was recently reported by Shunpu Li et al. in 2018 [54]. A PDMS
template with proper line patterns was formatted using pouring commercial silicone elastomer
(Sylgard ®184, Dow Corning). The commercial silicone elastomer consisted of a two-part
liquid component kit (a 10:1 mix ratio). The commercial silicone elastomer was poured onto a
master defined by optical or e-beam lithography. Then the PDMS was annealed at 70 °C for 1h.
The solution was dispensed between PDMS template and substrate, followed by gentle pressure
between them. The pressured contact was achieved through a self-developed stainless-steel
clamping platform, which enabled the proper alignment of the substrates and PDMS template,
and the easy adjustment of the pressure between them, as is shown in figure 1.2 below.

Metal clamp

PDMS
template

Substrate

Figure 1.2 Illustration of mould-guided drying technique.

19



1.3 Introduction to Optically Addressed Spatial Light Modulators
(OASLMs)

Spatial light modulator (SLM) is a type of liquid crystal (LC)-based device that is able to
modulate amplitude, phase and polarization of light. It has been extensively used in a variety
of applications such as pulse shaping [1], holographic displays [56], optical tweezers [57] and
laser processing [58] etc. In particular, optically addressed SLM (OASLM) is attractive to
holographic displays, which is very promising for true 3-dimentaional displays. OASLMs based
on ZnO NPs have been reported to be capable of high-resolution imaging (825 line pairs per
millimetre) due to the trap states in ZnO NPs [3]. However, real-time 3D holographic displays
based on OASLMs are still under development because of the stringent requirement for large
spatial (size and diffraction angle) and temporal (refresh rate) bandwidth. Moreover, the

requirement for diffraction efficiency and aperture size is also challenging [59].

SLMs can be classified into two types: electrically addressed SLMs (EASLMs) and optically
addressed SLMs (OASLMs). The modulation of EASLMs is achieved by pixel matrix (CMOS
circuitry) while OASLMs are controlled by the write light. A common type of EASLM is Liquid
Crystal on Silicon (LCoS), with a layer of LCs sandwiched between integrated pixel circuit and
ITO. On the contrary, there is no complex integrated circuit in OASLM, but it requires a layer
of photoactive material so that the resistivity can be modulated by the write light. The structures
of LCOS and OASLM are illustrated in figure 1.3 below.

LCOS OASLM
Glass substrate Glass substrate
ITO ITO
Alignment Alignment
Alignment
Alignment Photoactive layer
Aluminium pixel arrays ITO
CMOS backplane Glass substrate
(@) (b)

Figure 1.3 Structure of (a) LCOS. and (b) OASLM.
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Phase-only LCOS is based on electrically controlled birefringence (ECB) effect of LCs, without
any polarizers or light-absorbing material. Not only has it been used in real-time holography
[60], it has also attracted attentions from wavelength selective switch (WSS) [61] and optical
correlators [62] etc. However LCOS devices are still challenged by the large pixel size, small

pixel fill factor and dead-space diffraction etc [63].

In contrast, OASLMs are able to provide higher resolution without complicated pixel and
addressing circuitry. This is particularly important for holographic displays as wider viewing
angle can be realized by smaller pixel pitch. In addition, the absence of pixel also eliminates
the dead space between pixels, which creates undesired diffraction pattern in the reconstructed
image. Thirdly, large-area OASLMSs are possible while LCOS devices are always limited by
the panel size (a few inches in diagonal). More importantly, OASLMs are low-cost and easy-

fabrication devices because they have no pixel and CMOS backplanes.

1.3.1 Working principles

The light modulation in OASLMs is achieved by the photoactive material or structure
(photodiode). The photoactive material is generally photoconductive, and its electrical
conductivity increases dramatically once it is illuminated by the write light. As a result, the
voltage drop across LCs increases and electrically controlled birefringence (ECB) occurs, as is

shown in figure 1.4 below.

Glass substrate
ITO

Alignment

o J ) o
o J ) o

Alignment
Dark ‘ Tlluminated
ITO

Dark

Glass substrate

1]

Write light

Figure 1.4 Working principles of OASLMs.

LCs rotates vertically when they are illuminated by the write light while LCs without write light

illumination remain parallel to the alignment layer. Therefore, the read light propagating
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through LCs is modulated by the write light. Transmissive and reflective architectures are both
available in OASLMs.

1.3.2 Fundamentals of liquid crystals

Liquid crystals are a type of liquid-like crystalline mesogen, exhibiting liquid properties such
as fluidity, and they also behave like crystals such as their optical, electrical, magnetic and
mechanical anisotropies. Since the discovery in the late 19" century by Friedrich Reinitzer [64],
liquid crystals have been developed into one of the most widely-used materials in the modern
world. Particularly, LCs revolutionized the society in display applications (LCDs), which has
been dominant in smartphones, tablets and laptops etc. In addition, LCs are still playing a key
role in applications such as thin-film thermometers [65], organic field effects transistors
(OFETSs) [66] and organic solar cells [64] etc. Attempts have never been stopped by researchers
to find out more applications such as templating nano-structured materials in material science

[67], elastic actuators [68] and drug delivery in pharmaceutical industry [69].

e Classifications of LCs

Based on the molecular arrangement, LCs can be classified into several mesophases: nematic
LCs, cholesteric LCs and smectic LCs, as is shown in figure 1.5 (a) ~ (e). Nematic LCs have
uniaxially symmetric molecules with elliptical shapes. The most significant feature of nematic
LCs is that the molecules (molecular long axes) tend to be parallel to each other in order to have
the minimum free energy and the preferred direction is described by the director (7).
Accordingly, the molecular long axis has long-range orientational order. However, the
molecules have no positional order of their mass centre, which results in their fluidity.
Cholesteric LCs are similar to nematic LCs as cholesteric LCs also have orientational order and
no positional order in a certain plane, while the director of each plane changes continuously
between adjacent planes. As a result, cholesteric LCs have a twisting and rotating director
perpendicular to the director planes. Periodic rotation of cholesteric LCs is defined by pitch,
which is twice the periodicity. Nematic LCs can be considered as a specific kind of cholesteric
LCs with infinite pitch.

Smectic LCs have a stratified molecular arrangement and sliding movement exists between
layers. Smectic LCs are further categorised into smectic A, B and C mesophases based on their
molecular orientation and position within each layer. Molecules of smectic A LCs are
perpendicular to the layers and that of smectic C LCs are tilted to the layers. Besides the layered

structure, Smectic B LCs also have positional order within each layer.
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Figure 1.5 Molecular arrangement of (a) nematic LCs. (b) cholesteric LCs. (c) smectic A LCs. (d)

smectic C LCs and (e) smectic B LCs.

LCs of a certain mesophase can be transformed into another. For instance, nematic LCs can be
transformed into cholesteric LCs by adding chiral dopant. Temperature also influences the
phase transition and lower temperature generally corresponds to a higher crystalline or
positional order. Therefore, different mesophases of LCs occur in the order of smectic B,
smectic C and smectic A as the temperature increases. Nematic LCs has the lowest crystalline
order so they normally emerge at the highest temperature. Aforementioned LCs are also called
thermotropic LCs, which indicates the temperature dependency of phase transitions. Other

types of LCs such as lyotropic LCs are not discussed in this dissertation.

In this work, nematic LCs were studied and used to fabricate OASLMs devices so nematic LCs

will be discussed in detail in the following sections.
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e Scalar order parameter

In order to simplify the model, nematic LCs are regarded as elongated and rigid molecules (like
rods) with uniaxial and central point symmetry, as is shown in figure 1.6. Macroscopic (still
small volume) orientation order of LCs are described by second rank tensor, while microscopic
orientation order is represented by scalar order parameter S. In the case of nematic LCs,
molecular arrangement can be characterised by scalar order parameter (S) and director (7).
Although molecules of nematic LCs have a preferred and averaged direction (director), the
orientation between each molecule is not exactly the same. Moreover, the orientation of each
molecule also changes with time due to thermal motion and intermolecular force. Therefore,
the molecule positioned in a certain angle (0) to the director (#) is probabilistic and this
probability is represented by orientation distribution function f(6). S is equal to 0 when LCs
are in isotropic phase. Nematic LCs have a S less or equal to 1, where 1 represents ideal
alignment of LCs.

> S

6
—7/

7

Figure 1.6 The orientation of nematic LCs molecules.

e Elastic properties

The distribution of nematic LCs under electric field is quantitatively explained by elastic
continuum theory, which states that LCs always orient themselves in a way that the total free
energy is the minimum. Deformation is generated under external electric field and elastic force
arises to resist the deformation and brings the LCs back to the equilibrium position. The most

common deformation inside nematic LCs are splay, twist and bend, as is shown in figure 1.7.
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Figure 1.7 Three types of deformation of LCs: (a) splay, (b) twist, and (c) bend.

Similar to Hooke’s law, the elastic stress or torque is proportional to the displacement of
director and the proportionality is defined by elastic constant k, firstly developed by Frank [70].
The elastic constants for splay, twist and bend deformation are referred to as ki, ko and ks

respectively.

The elastic free energy density (f) is also a function of elastic constants and it is expressed as:

1 2
fsplay = EKl (V-n)

1 2
[iwist = EKZ (n-Vxn) (1.1)

1 2
fbena = EKB (nxVxn)

The total elastic free energy is determined by adding three types of elastic energy together.
Generally, elastic constants are different in magnitude and ks is the largest compared to ki and

ks in nematic LCs.

e Dielectric and optical anisotropy

Dielectric anisotropy is the most important property of LCs, which is also the origin of optical
anisotropy. Dielectric constant () is to describe the response of dielectric materials to electric
field (E), and it is defined as:

D = ¢E (1.2)

where D is the electric displacement field. The lowest possible dielectric constant is in vacuum,
which is called absolute dielectric constant or vacuum dielectric constant (&,). Relative

dielectric constant (&) is the ratio of € and &,.

Relative dielectric constant (e,) is related to electric susceptibility (x) by:
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e=x+1 (1.3)

Electric susceptibility (x) is a measure of polarization of the dielectric material in an electric

field. Therefore, electric displacement (D) can also be written as:
D = go&,E =¢9g(y +1)E = €gE + P (1.4)

where P is the dielectric polarization density, and it represents the strength of polarizations
within the dielectric material. Dielectric constant is also called permittivity, which is a scalar in

isotropic medium and second rank tensor in anisotropic medium (LCs).

For the purpose of simplification, LC molecules are generally assumed to be uniaxial and have
the rotational symmetry, as is shown in figure 1.8. Refractive index (n) reflects the dielectric

properties at light frequencies and the refractive index is related to the dielectric constant by:
n=+e (1.5)

Like dielectric anisotropy, refractive index is also anisotropic. The most important property of

nematic LCs is the birefringence (An). Birefringence can be defined as:
A =n,—n, (1.6)

where ne is the extraordinary refractive index and no is the ordinary refractive index.
Extraordinary refractive index (ne) is parallel to the director and ordinary refractive index (no)
is perpendicular to the director. Nematic LCs have a typical ¢, of 2.89 and ¢, of 2.25
(corresponding refractive indexes are 1.7 and 1.5) [70]. Most nematic LCs have a positive

birefringence (An) and it is generally in the range of 0.05~0.45 [63].

The discussion above assumes that the propagation direction of incident light (E) is along the
director, as is shown in figure 1.8 (a). In the case of tilted incident light as shown in figure 1.8
(b), ordinary refractive remains consistent due to rotational symmetry. Based on the elliptic

function of index ellipsoid, equivalent extraordinary refractive index (n;) can be re-written as:

1
[
ne = cos26  sinZg (17)
n3  nl
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(a) (b)

Figure 1.8 Anisotropy of LCs when wave vector (ﬁ) and director (ni) are (a) aligned and (b) not aligned.

e Electro-optical effect

The most important property of LCs is the response to electric field. Because of the uniaxial
and elongated geometry of nematic LCs, they have dielectric anisotropy. In the presence of
electric field (E), the free energy increases. Nematic LCs molecules (An>0) will reorient to
reach the minimum free energy and as a result align with the direction of electric field, as is
shown in figure 1.9. Dielectric response means little current is associated during operation,
which makes LCs consume very little power and generate trivial amount of heat. However,
impurities exist in practice, which enhances the conductivity of LCs, so AC voltage is used to
prevent LCs degrading in this case.

A simple model is shown below:

NSNS
NN
NN

(a) (b)
Figure 1.9 Molecular orientation of LCs (a) without electric field and (b) under DC voltage.

If the incident light propagates vertically through the LCs (electric polarization direction of the
light is parallel to the director of LCs), the phase retardation (¢) due to electrically controlled
birefringence (ECB) is defined as:
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¢ = T sin%0 (1.8)

Assuming LCs molecules are parallel to each other along the propagation path. However, in
real cases, orientation angle is position-dependent due to surface anchoring effect and elastic

forces between molecules etc.

Nematic LCs are often anchored at the substrates by micro-grooves (alignment layer), posing a
small pre-tilt angle to the substrate. Once an electric field is applied, the LCs tend to align with
the direction of electric field (An>0). The rotation of LCs is opposed by the anchoring effect
near the substrates and the elastic force between molecules. As a result of competition, LCs
start to rotate when the electric field reaches a certain threshold intensity (Ewn), which is also
called Freedericksz’s transition voltage. The anchoring effect is least significant in the middle

of the cell so LCs molecules in the middle have the maximum rotation angle (Om).

The phase shift in real cases is much more complicated and it requires a full rotation angle
profile along the propagation direction to derive the overall phase shift. Therefore, this is carried

out in simulations in the later part.

1.3.3 Challenges

OASLMs are also facing several challenges such as resolution and response time. Although
OASLMs have no pixels, their resolution is limited by the electrical fringing field in the LCs
layer and lateral diffusion of photo-excited charge carriers in the photosensitive layer. Moreover,
electric field in the photosensitive layer also results in spatially varying distribution of charge

carriers, which further degrades the resolution.

The electrical fringing field in LCs is strongly affected by the thickness of LCs layer so thinner
LCs layer is preferred. On the other side, the phase modulation depth is compromised as the
thickness decreases. In the meanwhile, the electrical fringing field also exists in the photoactive
layer, though it is less serious than that in the LCs layer because the photoactive layer is much
thinner than LCs layer. There is also a compromise between the electrical fringing field and
photo sensitivity since thinner photoactive layer helps to ease the fringing effect but also
worsens the sensitivity such that the voltage drop across LCs is not large enough to switch LCs.

The lateral diffusion of charge carriers is inevitable due to the concentration gradient. The
diffusion length (L) is a function of mobility (1) and charge carrier lifetime (t), as is shown

below in equation 1.9:
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where kg is the Boltzmann constant and T is temperature. Charge carrier lifetime can be
decreased by introducing charge traps or defects (recombination centres). On the other hand,
photogenerated charge carriers drift in the photoactive layer along the electric field from one
side to the other and are accumulated at the interface. So, the carrier transit time is also
important. The transit time can be minimized by thinning the thickness of photoactive layer

and increasing the applied voltage.

Another limit on resolution comes from the charge spreading at the interface between the
photoactive layer and LCs layer [71], [72]. The charge spreading at the interface is a result of
gradient diffusion and lateral drift by electric fringing field. The charge accumulates after the
write light is on. More importantly, the trap states at the interface also determines the resolution.
The existence of trap states stops charge carriers from lateral diffusion, however, they also

introduce other issues such as residual image and long turn-off time.

The response time of OASLM is also challenging. It is jointly determined by LCs and the
photoactive layer. The response time of LCs under electric field is dependent on the electric
field intensity, elastic constant and viscosity of LCs. Stronger E-field results in larger dipole
moments and torque, while smaller elastic constant and less viscosity weaken the rotating

resistance.

Different types of LCs have various response time. Ferroelectric LC (FLC) is a kind of fast-
switching LC and it responds to both the magnitude and polarity of electric field. In addition,
FLC can be made bi-stable such that molecular orientation maintains itself without consuming
electric power. Nematic LCs can generally provide a refresh rate up to 120Hz while
ferroelectric LCs can be operated at a maximum rate of 1015Hz [63]. However, FLC can only
provide binary phase modulation compared to continuous and multilevel phase modulation by
nematic LCs. Moreover, FLC is limited by the low diffraction efficiency (light diffracted into

zero order and conjugate image) and large quantization noise [63].

Photoactive material is also a limiting factor since the photogenerated charge carriers are
trapped at the interface with LCs, maintaining the voltage across the LCs (‘on’ state) and
causing residual image. The charge trapping time can be much longer than the rise time

(switching on and off time are typically ~100us and ~20ms respectively for nematic LCs) [73].

29



Crystalline or amorphous photosensitive material are often used because of less trap states.

Photodiode is also an alternative to photoactive layer for high-speed OASLMs.

1.3.4 Current progress

The development of high-performance OASLMSs has been progressive since the last century.
The early version of OASLM was built up using a-Si:H p-i-n photodiode and Ferroelectric LC,
providing a response time of 155us and resolution of 40 Ip/mm [74], [75]. Higher resolution
(175 Ip/mm) was then achieved by using a thinner photoactive layer [76]. By doping a-Si:H

with carbon, the resolution was further enhanced to 370 Ip/mm [77].

Other photoactive materials were also attempted such as ZnO [78], BSO [79], AsSe [80], and
a-As>S3 [81]. Using infrared (IR) light as the write light was reported for night vision
applications using lead chalcogenides (PbS) [82]. Polymer photoconductive material was used
to provide a resolution of 527 Ip/mm [83]. The highest resolution of 825 Ip/mm was reported
using ZnO NPs due to the trap states in ZnO NPs.

1.4 Sensor for Oxygen Partial Pressure in Air

Oxygen sensors are playing an increasingly significant role in the 21 century since oxygen is
one of the most crucial indicators in a wide range of applications such as air-fuel mixture
controller in the combustion engine, exhaust emission monitor of industrial boiler and waste
management industries [84]-[86]. Various oxygen sensing technologies have been invented
such as potentiometric equilibrium sensors, limiting current amperometric sensor and
semiconductor-based sensor etc. [87] Oxygen partial pressure sensors are evaluated by three
criteria: sensitivity, selectivity and response time. Besides these, stability, reversibility and

power consumption are also important factors to be considered.

1.4.1 Semiconductor-based oxygen partial pressure sensor

Semiconductor-based oxygen sensor is generally related to the defect states in the material.
These oxygen sensitive materials are generally n-type metal oxide, whose physical properties
(typically electrical conductivity) are strongly dependent on the oxygen vacancies [87]. Oxygen
in air tends to be adsorbed onto the surface of these metal oxide by capturing free electrons.
The electrical conductivity (o) is normally related to the oxygen partial pressure in air (Py,) by
the following equation [87]:

E

o= Aexp(_ﬁ)Po2 (1.10)
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where A is a constant, Ej4 is the activation energy and T is the temperature.

Researchers have used different types of semiconductor materials such as CeO- [88], Nb2Os
[89], SrTiO3[90] and TiO2 [91] etc. for oxygen sensing. It has been reported that TiO»-based
oxygen sensor was capable of measuring the oxygen concentration from 10-2 Bar to 1 Bar [91].
Nb.Os was also used to measure oxygen partial pressure under high temperature from 400°C to
800°C and the minimum measurable oxygen pressure is 10° Bar [89]. Even higher
measurement temperature of 1400°C was reported by using SrTiOz and the lowest measurable
oxygen pressure is 102 Bar [90]. Fast response time for oxygen pressure sensor was reported
by using CeO2 nanoparticles and it was also found out that the response time decreased with
smaller particle size (10 times faster for CeO. nanoparticles with 200nm in diameter than that

of 2um in diameter).

1.4.2 ZnO-based oxygen partial pressure sensor

ZnO is also sensitive to the presence of oxygen in air. In the meanwhile, ZnO is particularly
captivating because it is thermally stable and robust, able to provide a relatively fast response
and a possibility for miniaturized size [92]. The oxygen sensing mechanism of ZnO has been
investigated across the world. It has been widely accepted that oxygen in air is chemisorbed on
the surface of ZnO, which depletes the electrons from conduction band and decreases the
electrical conductivity. Depending on the measuring temperature, different oxygen species
were identified in ZnO. Some researchers found that 0, , O~ and 02~ were formed at
temperatures below 100°C, between 100°C and 300°C, and above 300°C respectively [92].

Polycrystal ZnO by sputtering has been reported to detect oxygen pressure with a slow response
time of about 1h [92]. They also noticed that glass substrate was better than silicon substrate in
terms of sensitivity due to the amorphous nature of glass surface. ZnO nanowire field-effect
transistor was also reported as an oxygen sensor, with a minimal sensing limit for oxygen
pressure of 1.3x107° Bar. Suspension of ZnO nanoparticles, along with graphite electrode were
reported to be capable of detecting the minimal oxygen concentration of 27.6g/cm?[93]. In
addition, various methods have been attempted to improve the oxygen sensing performance.
For instance, metal catalysts (such as Pt and Pd) was used to increase the sensitivity and to
decrease the working temperature of ZnO-based oxygen sensor [94]. The use of compound
oxide semiconductors and ZnO/CuO heterojunction was also reported to improve the selectivity
[95].
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Chapter 2 Preparation and Characterization of

Solution-Processed ZnO NP Thin Films

The unique and outstanding properties of solution-based ZnO NPs such as wide and direct
bandgap, optical transparency in the visible range, rich and tuneable defect states, low-cost and
large-scale production etc. have made ZnO NPs particularly promising for a wide range of
future applications. Therefore, the fundamental physics of solution-processed ZnO NPs and the
working principles of ZnO NPs-based devices are particularly significant. The purpose of this
chapter is to investigate the fundamental properties of ZnO NPs and the effect of post-
processing on ZnO NPs. Sample preparation is discussed at the beginning of this chapter, and
properties of ZnO NPs such as electrical conduction mechanisms, dielectric response and opto-
electronic behaviours are then characterized. The effect of thermal annealing and oxygen

plasma is discussed at the end of this chapter.

2.1 Sample Preparation

The raw material of ZnO NPs was purchased from Sigma-Aldrich, in the form of colloidal
dispersion in ethanol (product number: 721085, LOT number: MKBKO0418V). The weight
percentage of ZnO NPs dispersion is 41% and the density is 1.25g/ml. In addition, the average
particle size of ZnO NPs is 89nm, measured by dynamic light scattering (DLS). These data are
provided by the supplier (on the Certificate of Analysis).

Thin-film ZnO NPs were prepared by spin-coating. The substrate is composed by an n-type
silicon (Si) layer at the bottom and a 300nm-thick silicon dioxide (SiO) layer at the top
(insulating layer). Firstly, the substrate was cleaned by DI water, acetone and isopropy! alcohol
(IPA) consecutively for 10min each in an ultrasonic bath, prior to oxygen plasma treatment
(300s). The oxygen plasma was used to remove organic contaminations from the surface and
to make the surface hydrophilic, which is very crucial to form a uniform thin film of ZnO NPs.
The ZnO NPs dispersion was then spin-coated on the substrate with a rotation speed of
4000RPM for 30s. The acceleration speed was 500RPM/s, which was proved experimentally
to provide the best film quality. The sample was further baked on a hotplate at 100°C in air for
10min to evaporate the solvent (the boiling point of ethanol is 78.37°C at atmospheric pressure).
Finally, the sample was annealed in a furnace at 400°C in air for 3h to thoroughly remove the
organic contaminations and to make ZnO NPs thin film better in crystallinity.
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Figure 2.1 Surface of ZnO NPs thin films prepared by different ZnO NPs concentrations (a) 4.5mg/ml.
(b) 125mg/ml. (c) 250mg/ml. (d) 1150mg/ml. (e) The histogram and distribution of film height. (f)
Comparison of height distribution between films of 4.5mg/ml and 1150mg/ml. (g) Film thickness

measured by surface profiler. (h) Film thicknesses of different ZnO NPs concentrations.
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Dilution of ZnO NPs dispersion is necessary in order to form high-quality ZnO NPs thin films.
Better uniformity in film thickness can be achieved through diluted dispersion due to less
viscosity. ZnO NPs thin films prepared from different concentrations (4.5mg/ml, 25mg/ml,
85mg/ml, 125mg/ml, 250mg/ml and 1150mg/ml) were inspected under optical microscope
(these films were prepared with the same fabrication parameters), as is shown in figure 2.1 (a)
to (d). It is evident that ZnO NPs dispersion of 4.5mg/ml could form a uniform ZnO NPs film
(figure 2.1 (a)) while the film uniformity degraded at higher concentrations above 125mg/ml
(figure 2.1 (b) to (d)). Patterns were generated during spin-coating and they became more
prominent at higher concentrations as a result of higher viscosity. Dark-field microscopy was

used in figure 2.1 (c) and (d) to provide a better contrast of the pattern.

The film surface was also investigated by Dektak surface profiler. The histogram of film height
and its distribution are shown in figure 2.1 (e). This is a good method to visually observe the
height variation. The height distribution is compared between ZnO NPs films of 85mg/ml and
1150mg/ml in figure 2.1 (f). It is evident that 85ml/ml film has a narrower height distribution
while 1150mg/ml film has a wider spread over the height spectrum, signifying a larger height
variation. The mode of height distribution is zeroed. In addition, the film thickness was also
investigated for different concentrations of ZnO NPs, as is shown in figure 2.1 (g) and (h). A
trench was drawn mechanically on the sample surface by a plastic sharp. The peak in figure 2.1
(9) results from the debris at the edge. It can be concluded from figure 2.1 (h) that higher

concentration results in a greater film thickness.

By comparing the film quality of different ZnO NPs densities, 85mg/ml ZnO NPs dispersion
was used to prepare samples for material characterization in the following section. The rest

fabrication parameters were kept identical, as was described above.

2.2 Characterization of ZnO NP Thin Films

ZnO NPs were characterized in terms of physical, electrical, dielectric and optical properties.
This part of work is significant to understand ZnO NPs and to customize ZnO NPs-based

devices.

2.2.1 Particle size

The size of ZnO NPs was firstly investigated by scanning electron microscope (SEM). SEM is
capable of providing high-resolution (in nanometre scale) images of the target by detecting the

secondary electrons from the surface. Secondary electrons from the surface (5nm~10nm) have

34



relatively low energy (<50eV) and they are extremely sensitive to the surface structures. In
order to have high-resolution images of ZnO NPs, the sample was coated with Au and Pd
beforehand so that the electrons do not accumulate on the surface (ZnO NPs are semiconductive
with low conductivity). Charge accumulation on the target surface could result in dark images.
Zeiss LEO Variable Pressure SEM was used to observe the nanoparticles and the result is shown
in figure 2.2 (a). It is clear that the film is composed by nanoparticles with ~30nm in diameter

and gaps exist among nanoparticles.
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Figure 2.2 (a) SEM image of ZnO NPs. (b) Size distribution of ZnO NPs by DLS. (c) Surface profile
measured by AFM. (d) 3D contour of ZnO NPs surface, generated by AFM measurement.

Dynamic light scattering (DLS) was also performed on ZnO NPs dispersion (25mg/ml in
ethanol, required by the equipment) using Malvern Zetasizer in order to determine the size
variation and distribution. DLS is a technique that measures the Brownian motion of colloidal
ZnO NPs by detecting the intensity of light scattered by ZnO NPs. The particle size is
determined by the Stokes-Einstein relationship. The result is shown in figure 2.2 (b) and the
average diameter of ZnO NPs is measured to be 73.2nm, which is slightly smaller than the data
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from the supplier. In addition, the DLS analysis confirms that the particle size is ranging from

25nm to 100nm, with a mode (the majority) of about 30nm. This is consistent with SEM images.

The surface of ZnO NPs thin film was inspected by DI3100 Atomic Force Microscopy (AFM).
Figure 2.2 (c) shows the surface profile in the tapping mode of AFM. The tip taps the sample
surface and scans line by line throughout the 1pumx1um area. The 3D height map is also shown
in figure 2.2 (d). It is evident that the sample surface is not perfectly uniform, and the maximum
variation in height is about 60nm, which is around twice the average particle diameter (30nm).
In addition, the mean surface roughness is 5.8nm.

2.2.2 Composition

The composition of the sample was investigated by energy-dispersive X-ray spectroscopy
(EDX). Similar to SEM, a beam of electrons with a high energy impact on the sample and excite
its electrons from a low energy state (inner shell) to high energy state (outer shell), leaving
holes at the inner shell. These holes are then filled by electrons from the high energy state (outer
shell), which releases energy in the form of X-ray. The characteristic X-ray is unique for
different elements with different atomic numbers and it is often used to identify compositional
elements.
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Figure 2.3 (a) EDX spectrum of ZnO NPs. (b) Atomic ratio of composing elements
The EDX results are shown in figure 2.3 (a) and an area of about 15umx15um was investigated
(inset on the top right). The EDX spectrum shows the compositional elements of Zn, O, Si, Au
and Pd. The Y axis indicates the relative content of each element. The spectrum confirms the
sample purity since there are no other elemental peaks. One thing to be noted is that there are

two peaks for “Zinc” in the spectrum because electrons from different energy levels (1 keV and
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8.6 keV corresponds to L line and Ka line respectively) are recombined with holes at the inner

shell. The SiO» substrate was also detected.

The elemental percentage is further calculated by taking the atomic weight into account and the
atomic ratio of these elements are shown in figure 2.3 (b). The atomic ratio of oxygen and zinc
is 2.05, which implies that the sample is oxygen-rich. On one hand, the oxygen content comes
from the adsorbed oxygen onto ZnO NPs. On the other hand, it might come from the organic
surfactant of ZnO NPs dispersion. Surfactant is generally used to form liquid suspension with
well separated nanoparticles.

Oxygen plasma was used to verify the existence of organic surfactant. It is generally accepted
that oxygen plasma treatment results in a decrease in conductivity because the dopant density
(hydrogen and hydroxyl group) was reduced after oxygen plasma treatment [96]. Two identical
ZnO NPs samples were fabricated and one ZnO NPs sample was treated with oxygen plasma
(5% for 5min). The I-V characteristics were measured after a week and the results in figure 2.4

(a) clearly show that oxygen plasma treatment results in a reduction in conductivity in the ohmic

region.
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Figure 2.4 (a) I-V characteristics of ZnO NPs with and without oxygen plasma treatment. (b) The
conductance of ZnO NPs tracked after plasma treatment.

The conduction of ZnO NPs after plasma treatment was tracked day by day, as is shown in
figure 2.4 (b). Oxygen plasma treatment was conducted on day 1 and the conductance was
measurement immediately. It is clearly shown that the electrical conductance increased
dramatically by an order of 10* (opposite to the previous result). This is due to the elimination
of organic surfactant since it forms a highly resistive shell around nanoparticles. Then the
sample was left in the air and the conductance was measured daily. The conductance decreased
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as the oxygen in the air was gradually adsorbed, forming a depleted boundary (shell) by
capturing free electrons from ZnO NPs. The conductance reached a stabilized value after day
3. Oxygen plasma treatment was performed again on day 6 and a decrease in conductance was
noticed due to the annihilation of oxygen vacancies. This was also confirmed by EDX. The
atomic ratio of O/Zn is 2.27 for plasma-treated ZnO NPs, compared to 2.05 for untreated ZnO

NPs. Therefore, the organic surfactant contributes to the oxygen content in ZnO NPs sample.

2.2.3 Lattice structure

ZnO NPs can be regarded as a massive number of nano-sized ZnO crystallites, so ZnO NPs
also possess lattice property. The lattice structure was investigated by X-ray diffraction (XRD).
XRD is based on the Bragg’s law, from which the lattice parameters can be determined by the

diffraction pattern. The result is shown in figure 2.5 below.
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Figure 2.5 XRD pattern of ZnO NPs

The diffraction pattern in figure 2.5 confirms the crystalline nature of ZnO NPs and the pattern
also shows a good consistency with hexagonal oxygen-rich ZnO (Zno.9sO, PDF 01-082-2975).
In addition, the average size of ZnO crystallite (1) can be determined by the wavelength(A) of
X-ray, full width at half maximum (FWHM) of the diffraction pattern (f) and the Bragg angle

(0), according to Scherrer equation:

T = K2
- PcosO

2.1)

where K is the shape constant with a typical value of 0.9 [97], [98]. The average size of the

crystalline domain is calculated to be 4.14nm, which is consistent with typical crystalline size.

2.2.4 Electrical conduction mechanism

Electrical conduction mechanism of ZnO NPs was investigated by I-V measurement. Agilent
4156 (Yokogawa-Hewlett-Packard Ltd, Tokyo, Japan) semiconductor analyser was used to
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measure the |-V characteristics. ZnO NPs sample was fabricated in a planar structure, as is
shown in figure 2.6 (a). Only the source and drain electrodes were used in this case. ZnO NPs
dispersion was spin-coated on the substrate (same as before) and Al electrodes (50nm in
thickness) were deposited by thermal evaporation as electrodes (with a gap of 80pum). Al was
selected as the electrode material because the Al-ZnO NPs contact is Ohmic [7] so that the I-V

characteristics reflect the bulk properties of ZnO NPs.
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Figure 2.6 (a) Schematic structure of ZnO NPs sample. (b) The I-V characteristics of ZnO NPs. (c) The
I-V characteristics of ZnO NPs at high DC voltage. (d) The slope of Log (I)~V at different temperature.

The I-V characteristics of ZnO NPs is illustrated in figure 2.6 (b) and it exhibits a linear slope
(1.03) at low voltage (<0.5V), indicating that low-voltage conduction is Ohmic (slope of 1).
Ohmic conduction is due to the movement of free electrons in the conduction band or holes in
the valence band. The I-V relationship is always linear for Ohmic conduction and it is normally

observed in the low-voltage region. As the voltage surpasses 1V, the slope reaches 2.81.
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The conduction mechanism of ZnO NPs in air at room temperature is complicated since there
are multiple factors in ZnO NPs such as traps, defects, impurities and adsorbed oxygen species
etc. It has been reported that the electrical conduction in ZnO NPs is due to hopping [3].
Hopping conduction is a result of tunnelling effect from one trap site to another [99]. The

current density (J) can be represented by the following equation:

qdE Egq

J = Aexp(ﬁ_ﬁ) (2.2)

where d is the mean hopping distance, and A is a constant, which is dependent on the density
of free electrons and the thermal vibration frequency of electrons at trap sites. E, is the trap
activation energy. The Log(l)~V relationship is plotted in figure 2.6 (c) and it shows a linear
relationship at high voltages (>15V). This is consistent with the hopping conduction mechanism.
It can be further confirmed by plotting the slope of Log(l)~V at different measuring

temperatures, as is shown in figure 2.6 (d). According to equation 2.2, the slope of Log()~V is
defined by %, which is proportional to 1/temperature. The plot in figure 2.6 (d) fits well to a

linear relationship (dashed line) so it is consistent with the definition of hopping conduction.
The slope in figure 2.6 (d) can be used to determine the mean hopping distance, which is

calculated to be 0.144nm.

It can be concluded from this section that the electrical conduction mechanism of ZnO NPs at

low DC voltage is Ohmic and it becomes hopping conduction at high voltage.

2.2.5 Field effect mobility

The charge carrier mobility is also an important indicator of electrical conduction as it
determines the drift velocity of charge carriers under electric field and influences the electrical
conductivity of ZnO NPs. Mobility is strongly affected by scattering such as ionized impurities
(Coulomb’s force) and lattice vibration (phonon exchange). Mobility can be determined by
many techniques such as Hall effect measurement (Hall mobility) and field effect measurement
(field effect mobility). The Hall mobility is accurate for pure materials like single crystals, so

the field effect mobility was measured in this case.

ZnO NPs-based field effect transistors (FET) were fabricated and the structure is depicted in
figure 2.6 (a). The image of ZnO NPs-based FET is shown in figure 2.7 (a), taken under optical

microscope.
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Figure 2.7 (a) The image of ZnO NPs transistor under optical microscope. (b) The transfer characteristics
of ZnO NPs transistor. (¢) The field effect mobility under different measuring temperatures.

Figure 2.7 (b) shows the transfer function of ZnO NPs-based FET. It is clear that the threshold
voltage