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Summary

Zinc oxide (ZnO) nanomaterials have received broad attention due to their
excellent performance in electronics, optics and photonics. The synthesis of ZnO thin
films has been an active field since the 1960s due to applications as sensors,
transducers and catalysts. In the last few decades, the study of one-dimensional (1D)
materials has attracted much interest due to the novel electrical, mechanical, chemical
and optical properties introduced by surface and quantum confinement effects.
However, to maximize the potential of ZnO in nanoelectronics applications, it is
important to have control over the physical, chemical and electrical properties of ZnO
nanostructures. Several issues regarding the development of ZnO for nanoelectronics
have also arisen over the years.

The increasing emphasis on environmental protection has brought about a
demand for a synthesis method that is environmentally friendly, requires low energy
input, highly scalable and has low manufacturing costs. The doping of ZnO is also an
issue that has received much attention. While a number of research groups have
reported achieving p-type ZnO, there are still problems concerning the reproducibility
of the results and the stability of the p-type conductivity. The development of high
performance transparent and conformal electronic devices has become an important
research focus in recent years owing to the demand for portable display,
communication and various state-of-the-art electronics products. The accessibility to
optically transparent and mechanically flexible electronic platforms is the key to next-
generation electronic devices.

In this dissertation, ZnO films and nanowires were grown on rigid (silicon and
c-sapphire) and flexible (polyethylene terephthalate (PET)) substrates via the low

temperature, low cost and scalable hydrothermal method. This synthesis method
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negates the need for ultra high vacuum systems that involve expensive multi-stage
pumps and stainless steel chambers with high maintenance demands. The influence of
growth parameters such as precursor concentration, addition of surfactant and growth
duration on the synthesized nanostructures were investigated.

Ammonia plasma treatment was then applied to the films and nanowires to
modify the electrical properties towards p-type conductivity. The plasma treatment
was carried out without any additional heating of the sample, thus allowing plastic
substrates with low melting point to be used. The duration of the plasma treatment
was varied to study the effect of treatment duration on the electrical properties.
Devices such as hydrogen gas sensors, P-N junctions and metal-oxide-semiconductor
(MOS) capacitors were then fabricated to characterize and showcase the p-type
properties of the plasma treated nanowires.

Flexible hydrogen gas sensors were fabricated from pristine ZnO nanowires
on PET substrates and the gas sensing performance at room temperature was
investigated. The flexible sensors proved to be robust and showed little deterioration
in the sensing performance even in the bent state. The sensing performance was
improved by decorating the nanowires with platinum (Pt) catalyst due to the catalytic
dissociation of the hydrogen gas molecules by Pt.

Field emission properties of ZnO nanowires grown on PET substrates were
also studied. Laser writing on photoresist was used to pattern the growth of ZnO
nanowires bundles in a periodic array. The array spacing was varied to investigate the
influence of screening effect on the field emission properties. An optimal spacing
with the least screening effect from neighbouring emitters was determined. The

feasibility and robustness of the flexible field emitters were also demonstrated.

vii
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Chapter 1 Introduction

A brief background of zinc oxide (ZnO) is presented here together with some
basic properties of the metal oxide. Various synthesis methods for ZnO are described
and the hydrothermal growth mechanism is explained. The theoretical background
and literature review of p-type ZnO, hydrogen sensing and field emission of ZnO
nanostructures will also be discussed. The organization of the thesis will be presented

at the end of the chapter.

1.1 Background

ZnO is a promising semiconductor material which has attracted a large amount
of attention in recent years. It has a wide bandgap of 3.37 eV and high exciton binding
energy of 60meV at room temperature*™ which allow efficient exciton UV emission
at room temperature under low excitation energy intensity. This also makes ZnO a
suitable candidate for short wavelength optoelectronic applications* (UV and blue
spectral range), for instance, in laser development. Other applications include solar
cells,® chemical sensors,® nanogenerators’ and field emitters.?

ZnO have potential applications in light-emitting diodes (LEDs) and lasing.
Solid state lightings which make use of LEDs will allow reduced heat generation or
parasitic energy dissipation. However, the application of ZnO to the development of
LEDs is still an issue due to the lack of stable p-type doping due to self-compensation
by donor-like native defects, low solubility of p-type dopants, and formation of deep
acceptor levels.® Although successful p-type doping has been reported,’**? its
reproducibility still remains a question.

Detection of gases such as hydrogen (H,), oxygen (O,), nitrogen dioxide (NO,)

and ammonia (NHs3) have been demonstrated where ZnO nanowires exhibited high

sensitivity.® Gas sensing is based on a working mechanism where oxygen vacancy
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sites found on the ZnO nanowire surface act as oxidation sites via adsorption of
molecules such as O, and NO,. As a result of the oxidation-adsorption mechanism,
electrons are withdrawn from the conduction band resulting in a reduction of
conductivity, which will be read as a signal for the gas by the sensor. ZnO
nanostructures with high surface-to-volume ratios have been regarded as one of the
most efficient methods for fabricating high efficiency gas sensors. A glucose sensor
based on ZnO nanowires has also been reported.™

In addition, 1D ZnO nanostructures also show potential as excellent field
emission materials due to their high mechanical stability, high aspect ratio, and

negative electron affinity in various vacuum environments.*

Although carbon
nanotubes (CNTs) have attracted much attention due to their low turn-on fields and
large emission currents,' oxide emitters are more stable in harsh environment and

controllable in electrical properties.’® Therefore, ZnO-based 1D nanostructure is an

appropriate alternative to CNT for field emission devices.

1.2 Properties of ZnO

ZnO is a white powder that is insoluble in water, and is widely used as an
additive in numerous materials and products including plastics, ceramics, glass,
cement, lubricants, paints, ointments, adhesives, sealants, pigments, foods, batteries,
ferrites, fire retardants, and first aid tapes. It is usually found in the wurtzite phase
because it is the most stable phase at room temperature. Some of the basic physical
properties of ZnO in bulk form is shown in Table 1.1. However, as ZnO shrinks to the

nanoscale, some of these properties undergo changes due to quantum size effects.



Table 1.1. Physical property of Zinc Oxide

Property (Lattice parameters at 300 K) Value
dg 0.32495 nm
Co 0.52069 nm
ao/Co 1.602
u 0.345
Density 5.606 gcm >
Stable phase at 300 K Waurtzite
Melting point 1975 °C
Thermal conductivity 0.6, 1-1.2
Linear expansion coefficient (/C) 2: 6.5 x 10 °
C:3.0x10°
Static dielectric constant 8.656
Refractive index 2.008, 2.029
Energy gap 3.4 eV, direct
Intrinsic carrier concentration <10°cm’
Exciton binding energy 60 meV
Electron effective mass 0.24
Electron Hall mobility at 300 K for low n-type
conductivity 200 cm®V 's™!
Hole effective mass 0.59

Hole Hall mobility at 300 K for low p-type conductivity | 5-50 cm?V 's™"

1.3 Crystal structure of ZnO

ZnO has a hexagonal wurtzite structure with lattice parameters a = 0.3296 and
¢ = 0.52065 nm. Its structure consists of alternating planes composed of tetrahedrally
coordinated Zn** and O% ions. These ions are stacked alternately along the c-axis,
hence resulting in a symmetric, yet non-central structure.!” This also explains why
ZnO has piezoelectric and pyroelectric properties. It is known that ZnO has polar
facets and the most common polar surface is the basal plane. Positively charged Zn-
(0001) surfaces and negatively charged O-(0001) surfaces are produced by the
oppositely charged ions. This in turn produces a normal dipole moment and
spontaneous polarization along the c-axis as well as a divergence in surface energy.'®
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In order to maintain a stable structure, the polar surfaces generally have facets or
exhibit massive surface reconstructions, but ZnO+(0001) faces are exceptions: they
are atomically flat, stable and without reconstruction. The other two most commonly
observed facets for ZnO are (11-20) and (10-10). These facets are non-polar surfaces

and have lower energy than the (0001) facets.

¢ |[0002]

(0001) —a

Figure 1.1. Wurtzite structure model of ZnO with tetrahedral coordination.

1.4 ZnO synthesis methods

ZnO nanostructures can be synthesized via a wide variety of methods, ranging
from simple thermal evaporation to more complex state-of-the-art epitaxial growth
techniques. Vapour phase transport methods such as thermal evaporation, MOCVD
and MBE are commonly used. Electrochemical deposition and hydrothermal growth
methods are also used. Some of these synthesis methods will be discussed in the

following sections.

1.4.1 Molecular beam epitaxy (MBE)

Molecular beam epitaxy (MBE) is a complex evaporation process which takes
place under ultra-high vacuum conditions (pressure <10™° Torr).’® A schematic
diagram of the MBE setup is shown in Figure 1.2. The Zn precursors are produced by
heating the metallic Zn element until it evaporates while oxygen radicals are supplied
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by a microwave plasma source. The vapours then condense onto the sapphire
substrate to form Zn0.?%?! The advantage of MBE is that it allows precise control
over the thickness of ZnO produced. However, the process occurs at a very slow rate
causing extremely low productivity. The equipments involved are also expensive

which in turn increases the cost of the ZnO produced.
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Figure 1.2. Schematic diagram of a MBE setup.

1.4.2 Metal-organic chemical vapour deposition (MOCVD)

Metal-organic chemical vapour deposition (MOCVD) takes place in a metal
organic vapour-phase epitaxy (MOVPE) system using metal-organic precursors such
as dimethlyzinc (DMZn) and diethyl zinc (DEZn) as the zinc source and nitrous oxide
(N,0) as the oxygen source.?? The temperature required for the reaction to take place
is around 200 to 500 °C. The carrier gas transports the reactants into the chamber
where they decompose and react to form ZnO. The nitrous oxide decomposes to N,
and an O atom, and then the O atoms react with DEZn to form diethoxyzinc (DEOZn),

which decomposes to form dihydroxyzinc and ethylenes. Dihydroxyzinc then



dehydrates to form ZnO which deposits onto the substrate layer by layer. This method

can be used to grow ZnO thin films and nanowires.?®

N;O — N, + O (1.1)
Zn(CaHs); + 20 — HsC,Zn0OC,Hs + O — Zn(OC;Hs), (1.2)
Zn(OC;Hs), — HsC20ZNOH + CoHy — Zn(OH), + 2C,H, (1.3)
Zn(OH); — ZnO + H,0 (1.4)

1.4.3 Thermal evaporation method

In the thermal evaporation method, powder source materials (e.g Zn** or ZnO
and graphite®) are vaporized at elevated temperatures of 500 to 1000 °C**%’ and the
resultant vapours condense under certain conditions (temperature, pressure,
atmosphere, substrate, etc) to form the desired ZnO nanostructures. The experimental
parameters such as temperature, pressure, carrier gas (gas species and flow rate) and
evaporation duration, can be manipulated to produce the desired nanostructures.?® The
synthesis is usually carried out in a tube furnace connected to a vacuum pump system
and gas supply and control system as shown in Fig. 1.3.% In a typical synthesis
process, the interior of the alumina tube is maintained at a certain pressure (e.g. 200 to
600 Torr) while vapours are produced from the heating of the ZnO powder placed at
the center of the alumina tube. The carrier gas (Ar) which enters from the left end of
the alumina tube then transports the vapours downstream towards the silicon (Si)
substrate. The vapours condense and deposit ZnO on the Si substrate. The carrier gas
is then pumped out at the right end of the tube. A wide variety of ZnO nanostructures

can be grown using this method.*
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Figure 1.3. Schematic diagram of experimental apparatus for thermal evaporation
process

1.4.4 Electrochemical deposition

A typical setup consists of 3 electrodes namely, a working electrode (cathode)
which is the substrate (e.g. Au coated Si substrate), a counter electrode (e.g. 1 x 1 cm?
platinum mesh) and a reference electrode which is a saturated calomel electrode
(SCE). The three electrodes are placed into a beaker containing the electrolyte (e.g.
zinc nitrate) and the beaker is immersed into a water bath with temperature being kept
constant by a thermometer. The desired potential is applied on the working electrode
and the reaction of interest occurs there. The counter electrode passes all the current
needed to balance the current passing through the working electrode. The reference
electrode is used only to measure potentials of working electrode. There is no current
flow between the working and reference electrodes. The following reactions occur at
the electrodes®" and are illustrated in Fig. 1.4.
Dissociation: Zn(NOs), — Zn** + 2NO3~ (1.5)
Hydrolysis: NO; + H,O +2e — NO, +20H" (1.6)
Interaction of hydrated cation with OH- ions (reduction reactions at the cathode):
Zn** + 20H" < Zn(OH), (1.7)
Dehydration of the hydroxide: Zn(OH), «» ZnO + H,0 (1.8)
Reversible reactions (1.7) and (1.8) take place due to the higher solubility of ZnO.

This intermediate step involving the formation of hydroxide ions due to the local
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increase of pH, allows the growth of ZnO to occur under quasi-equilibrium conditions

and produces high quality crystals. Thin film nanostructures are commonly grown via

this process.3*>
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Figure 1.4. Schematic diagram of electrochemical deposition

1.4.5 Hydrothermal process

Hydrothermal processes are crystal growth from aqueous solutions under mild
conditions at temperatures below 100 °C. The low process temperature makes it
suitable for growth of ZnO nanostructures on plastic substrates such as polyethylene
terephthalate (PET) which has a melting point of 250 °C. Generally, a base (e.g.,
KOH, NaOH, NH4OH) is added to a zinc salt (e.g., ZnCl,, Zn(NO3),, Zn(CH3COO0),)
to produce Zn(OH), which dehydrates to ZnO at elevated temperatures in the
hydrothermal vessel.*>*® Hexamethylenetetramine (HMT) is also commonly used as a
source of OH™ ions to form ZnO nanostructures with zinc nitrate.***" The
decomposition of HMT in solution produces OH ™ ions with NH4" as a buffer and
gradually increases the pH of the growth solution.

Seeds are normally used as nucleation sites to define the orientation and
direction of the crystal to be grown. ZnO colloids may be used as seeds in
hydrothermal growth.*® Alternatively, a buffer layer of ZnO can be deposited on the

substrate by sputtering®® or pulsed laser deposition (PLD).* The ionic compound of



Zn are dissolved in the solution to form Zn®** ions. The Zn*" ions would then react
with the hydroxide ions from a base or HMT, and nucleate with the ZnO seed layer
which acts as the growing site for the nanowires. Most of the compounds formed have
low solubility which causes the formation of crystal structures due to super saturation.
ZnO has the fastest growth rate along the [0002] direction, hence standing nanowires
are usually obtained from the chemical reaction as shown in Figure 1.5. However,
surfactants can be added to influence the growth habit of ZnO and modify the
morphology of the products. Two surfactants will be used in this thesis, namely:
trisodium citrate to promote coalescence of the ZnO film and polyethylenimine (PEI)
to increase the aspect ratio of the nanowires. This method of synthesizing ZnO is
highly cost effective as the equipments involved are simple, thus making it a cheap,
non-toxic and low temperature synthesis method suitable for large-scale
production.**® The hydrothermal synthesis method will be used to synthesize the
ZnO nanowires and film reported in this thesis and the growth mechanism will be

described in detail in the next section.
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Figure 1.5. Schematic diagram of hydrothermal growth of nanowires.

1.5 Growth mechanism

Agueous solution growth has been widely used to grow highly oriented ZnO

51
l.

nanowires and films. Andres-Verges et al.”" reported the formation of ZnO rods in

aqueous solutions containing zinc nitrate, zinc chloride and HMT for the first time in
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1990. More than ten years later, VVayssieres et al.>?

used this method to grow nanorods
on conducting glass and Si substrates using a seed layer. Several research groups have
since then employed this method to synthesize various ZnO nanostructures and
studied them in detail.***°%>*** Fundamentally, solution systems containing Zn** ions
as a zinc source are categorized into two main cases: an alkaline solution system with
NH;3 or NaOH and a HMT solution system. The degree of the supersaturation, which

is associated with the driving force of crystallization and growth of ZnO, is tuned by

varying the pH of the chemical systems.

1.5.1 Hydrothermal ZnO films

ZnO films were synthesized from an aqueous solution of zinc nitrate,
ammonium hydroxide and trisodium citrate. This procedure was first rigorously
studied and documented by Lange et al.>® as early as 2003. Zinc nitrate was dissolved
in deionised (DI) water and dissociated to form Zn* ions:

Zn(NO3); — Zn** + 2NO3 (1.9)
The ammonium hydroxide solution containing NH;" and OH™ ions is added to the
zinc nitrate solution:

NH,OH « NH;" + OH" (1.10)
The OH™ ions in the growth solution combines with the Zn*" ions to form Zn(OH),
which then decomposes into zinc oxide.

Zn** + 20H" — Zn(OH), (1.11)

Zn(OH); — ZnO + H,0 (1.12)

The formation of ZnO crystals is determined by the supersaturation of the solution
system which can be quantified by the supersaturation ratio:

S=C/C* (1.13)
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where C is the concentration of Zn** ions present in the solution and C* is the
solubility concentration of Zn. The system is supersaturated when S > 1, and no
nucleation occurs when S< 1. When S is much greater than 1, the concentration of
Zn?* ions will be much higher than the solubility of Zn. In this case, most of the ZnO
will precipitate out of the solution phase as ZnO powder in the growth solution and
only some will be able to crystallize on the substrate. When S is slightly greater than
1, the concentration of Zn*" ions will be slightly higher than the solubility of Zn. Most
of the ZnO will be able to crystallize on the substrate and only some will form ZnO
powder in the growth solution.

The solubility of the zinc complexes can be controlled by the pH value of the
solution which is determined by the amount of ammonium hydroxide added to the
solution. Calculations by Richardson et al.>® has revealed that in the presence of NH;
and OH", the solubility decreases with increasing temperature. This explains why
supersaturation is only established when the solution is heated.”® A large drop in
solubility is also observed at higher concentrations of NH; when the pH of the
solution is between 10 and 11. It is also noted that the presence of NH3 in the solution
IS very important because without it, the solubility of zinc does not change
considerably with temperature.

Trisodium citrate is added as a surfactant to encourage coalescence of the ZnO
crystals to form smooth films. The negatively charged citrate ions adhere to the
positively charged Zn-terminated (0001) plane, thus retarding the growth in the [0002]
direction (c-direction), causing the lateral growth to be more pronounced.” For the
formation of ZnO films, the substrate is sputtered with a ZnO seed layer which acts as
a pre-oriented layer on the substrate for the nucleation and growth of the ZnO film

with preferred c-direction alignment. As the nanowires start to grow, the increased
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steric hindrance posed by the laterally expanding nanowires (due to the action of the
citrate anions) served as a means by which nanowires with c-axis orientation parallel
to the substrate normal were allowed to grow continuously, while misaligned
nanowires collided with their neighbours, resulting in the termination of growth.>"®
Over time, the nanowires grow large enough in size to coalesce with neighbouring

nanowires and forms a single crystal film consisting of coalesced columnar single

crystal nanowires.

1.5.2 Hydrothermal ZnO nanowires

For the synthesis of ZnO nanowires, the simple recipe involving zinc nitrate
and HMT as precursors for the growth was used. Zinc nitrate provides the Zn** ions
required for the synthesis of the ZnO nanowires, while HMT acts like a weak base
and pH buffer.>* Unlike the system involving zinc nitrate and ammonium hydroxide,
the pH of the growth solution is not controlled directly. When the growth solution is
heated, HMT hydrolyzes in water and gradually produced formaldehyde (HCHO) and
ammonia (NH3):

(CH,)sN4 + 6 H,0 <> 4 NH3 + 6 HCHO (1.14)
The ammonia then decomposes in solution to form OH™ ions:

NH; + H,0 — NH3-H,0 (1.15)

NHs-H,0 < NH;* + OH" (1.16)
This is critical in the synthesis process because if HMT hydrolyzed very quickly and
produced a large amount of OH™ ions in a short period of time, a high pH environment
will be created in the growth solution. The Zn*" ions in the solution would then react
with the large amount of OH™ ions available and precipitate out quickly. This would
result in a fast consumption of the precursors and affect the oriented growth of ZnO

nanowires.>® Real time measurements carried out by Ashfold et al.> revealed that the
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pH of the growth solution lies betweeen 5.5 and 5.6 when heated. The Zn**ions from
the dissociated zinc nitrate solution then reacts with the OH™ ions to form Zn(OH),
which undergo a condensation reaction to form a water molecule and solid ZnO:

Zn?* + 20H™ — Zn(OH), (1.17)

Zn(OH), — ZnO + H,0 (1.18)
During the hydrothermal growth process, Zn(OH), dissolves with increasing
temperature to form Zn** and OH™. However, when the concentrations of Zn®* and
OH™ reach the critical supersaturation value, Zn(OH), forms spontaneously in the
aqueous complex solution and go on to dehydrate into ZnO.%° In this supersaturated
solution, ZnO begins to nucleate on the substrate sputtered with a ZnO seed layer
which acts as a pre-oriented layer for the nucleation and growth of the ZnO nanowires
with preferred c-direction alignment. The Zn- and O-terminated (0001) surfaces of
wurtzite ZnO nanostructures grown along the c-axis direction are high energy polar
surfaces.® Therefore, when a ZnO nucleus is newly formed, owing to the high energy
of the polar surfaces, the incoming precursor molecules tend to adsorb favourably on
the polar surfaces. This leads to a fast growth along the [0001] direction, forming ZnO
nanowires.

PEI is added as a surfactant to improve the aspect ratio of the nanowires. The
PEI molecules attach to the sides ({10-10} planes) of the ZnO nanowires, restricting
the lateral growth. This causes the upward growth rate to be faster than the sideward

growth rate, thus increasing the aspect ratio of ZnO crystals to form nanowires.

1.6 P-type doping of ZnO
ZnO nanostructures are intrinsically n-type and it is widely accepted that the
intrinsic n-type is due to oxygen vacancies® and zinc interstials.®®> However, p-type

ZnO is important for applications such as optoelectronics devices and homojunction
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PN junctions for purposes such as light emitting diodes (LEDs), and they can be
obtained via doping or growing in an oxygen rich environment.®* It is proposed that
the p-type behaviour is due to zinc vacancy,® oxygen interstitials®® and oxygen
antisite.®” There has been work carried out to synthesize p-type ZnO nanowires®® but
reproducibility has been a problem. Non-reproducible and non-uniform doping often
occurs due to limited access of dopants in the nanoscale structure. Other issues
reported are unstable doping due to self-compensating doping, low dopant solubility
and complex doping procedures. Recently, p-type conduction was observed in
phosphorus-doped ZnO nanowire arrays,’® however they switched to n-type after two
months storage in an ambient environment.

There are two groups of possible candidates for p-type dopants: Group |
elements which substitute Zn atoms and the group V elements which substitute the O
atoms. The known acceptors in ZnO include group-I elements such as lithium (Li),%*
™ sodium (Na),"® potassium (K),”® copper (Cu),” silver (Ag),” and group-V elements
such as nitrogen (N),”® phosphorous (P),?® and arsenic (As).”” However, many of these
form deep acceptors and do not contribute significantly to p-type conduction. It is
believed that the most promising dopants for p-type ZnO are the group-V elements,
although theory suggests some difficulty in achieving shallow acceptor level.”®
Among the acceptor impurities that substitute oxygen in ZnO, nitrogen is thought to
be the most suitable p-type dopant due to both atomic-size and electronic-structure
considerations. The nitrogen atom is the closest in atomic size to oxygen, therefore, it
is expected to cause minimum strain in ZnO. The energy of the valence 2p states and
the electronegativity of nitrogen are also the closest to those of the oxygen atom,
particularly when compared with other group-V dopants.”” Several groups have

reported on the incorporation of nitrogen in ZnO, and many have claimed that
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nitrogen substitutes for O;**®*® however, the reports on p-type conductivity in
nitrogen-doped ZnO still remain controversial.

Nitrogen is a shallow acceptor in other 11-VI semiconductors®™ and has been
considered as a suitable p-type dopant for ZnO for some time.** In recent years,
considerable efforts have been made to create p-type ZnO using N as an acceptor
dopant.’880818592:99 Mminegishi et al.®° reported p-type doping of ZnO films grown on
sapphire (0001) by chemical vapour deposition at 650 to 800 °C, using NHs as the
nitrogen source. They reported a carrier concentration of 1.5 x 10 cm™ with an
estimated ionization energy of 100 meV, resistivity of 34 Qcm and Hall mobility of
12 cm? V's™t. The authors also pointed out that hydrogen may play a role in the
nitrogen incorporation, and that the appropriate growth/annealing conditions for
obtaining p-type material are limited to such a narrow range that control turns out to
be very difficult. Guo et al.®® reported the growth of LED structures with nitrogen-
doped ZnO films using plasma-enhanced laser deposition. The films were grown on
n-type ZnO single crystal wafers at 390 °C, using N,O as the nitrogen source in the
N-doped ZnO layer. Four-probe van der Pauw measurements showed a relatively high
resistivity of 100 to 200 Qcm and a hole concentration of 4 x 10* cm™, which led
Guo et al. to suggest that N introduces a relatively deep level in ZnO. The observed
bluish emission observed in the electroluminescence measurements by Guo et al. is
consistent with sub-band-gap recombinations. Huang et al.*® also tried to synthesize
nitrogen-doped ZnO films by direct circuit reactive magnetron sputtering at 450 °C,
using NH3 gas as the dopant source. Oxygen and ammonia gases were introduced into
the chamber in varying ratios of NH3/O, from 0:1 to 3:2 to produce films with
different levels of nitrogen-doping. The hole carrier concentrations increased from

1.14 x 10" to 8.02 x 10" cm™ while the Hall mobility decreased from 4.1 to 0.802
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cm?/Vs and the resistivity decreased from 1.1 x 10* to 0.97 Qcm. Nitrogen-doped p-
type ZnO films were grown by Look et al.®* using MBE at 525 °C. Pure (99.99995 %)
Zn was supplied by means of a solid-source dual-zone effusion cell, and O and N
were obtained from research-grade O, and N,, respectively, flowing through a radio-
frequency (RF) plasma source, operated at a power of 350 W. From the Hall effect
measurements, the resistivity of the film was 40 Qcm, hole mobility of 2 cm?/Vs and

hole concentration of 9 x 10*® cm™.

1.7 Hydrogen gas sensing

Metal oxide semiconductor (MOS) devices are commonly used in the
fabrication of gas sensors. It was first discovered decades ago that the interaction of
gas molecules with the semiconductor surfaces could influence the surface properties
such as conductivity and surface potential. The first chemoresistive semiconductor
gas sensors were reported by Seiyama in 1962.'%° From then on, metal oxide
semiconductors have been widely studied for gas sensing applications due to the low
cost and relative simplicity. Metal oxides also possess a wide range of physical,
chemical and electrical properties that are sensitive to the changes in the chemical
environment. Due to these properties, metal oxides have become one the most popular
commercial sensors. Numerous materials have been reported to be suitable for metal
oxide sensors including ZnO, SnO,, WO3, TiO, and Fe,03.**

Oxygen vacancies on metal oxide surfaces such as ZnO are electrically and
chemically active. These vacancies function as n-type donors, often significantly
increasing the conductivity of the oxide. When the metal oxide is exposed to air, O,
molecules adsorb at the vacancy sites and trap electrons from the surface of the metal

oxide. Electrons are effectively depleted from the conduction band, leading to a
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reduced conductivity of the n-type oxide. The process can be represented by the

following equations:**

02(9) — Oz(ad) (1.19)
Oa(ad) + & — O, (ad) (1.20)
0, (ad) + & — 207 (ad) (1.21)
O (ad) + e~ — O*(ad) (1.22)

In these surface reactions, (g) and (ads) stands for free gas and species adsorbed on
the surface respectively. It is noted that equations (1.19) to (1.22) occur at increasing
temperatures, where O,™ (ad) is the major oxygen species below 150 °C, O (ad) plays
the major role in the range of 150 °C to 450 °C and O*(ad) becomes dominant when
the temperature is above 450 °C.1°*'™ Metal oxide gas sensors are commonly
operated at elevated temperatures (250 to 500 °C) in order to enhance the chemical
reactivity between the metal oxide and the analyte gases, primarily due to the
formation of oxygen anions at these temperatures as discussed above.

When the metal oxide gas sensor is exposed to reducing gases such as CO and
H,, the incoming gas molecules would react with the surface adsorbed oxygen and
consequently remove it, releasing the trapped electrons back into the conduction band.
This leads to an increase in conductivity of the metal oxide. Most metal oxide gas
sensors operate based on this principle.

2H,(g) + O, (ad) — 2H,0 + & (1.23)

The response of p-type ZnO is the opposite of n-type ZnO nanostructures
because the major carriers are now holes instead of electrons. When p-type ZnO is
exposed to hydrogen gas, the conductance decreases and exposing it to air causes the
conductance to increase. The different variation in the conductance of n-type and p-

type ZnO nanowires towards hydrogen gas and air can be attributed to the adsorption
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of oxygen on the nanowire surfaces. The adsorbed oxygen molecules would attract
electrons from ZnO nanowires, leading to reduced electron density in n-type ZnO
nanowires but increased hole density in p-type nanowires. %

ZnO nanostructures have been widely used for sensing applications because of
their high sensitivity to the chemical environment. Bulk and thin films of ZnO have
been proposed for CO,**® NH3,'%" alcohol*® and H,'® sensing. However, from the
aspect of sensing performance, 1D ZnO nanostructures such as nanowires are
expected to be superior to its thin film counterpart.™® This is because 1D
nanostructures have a large surface-to-volume ratio, which means a significant
fraction of the atoms in such systems are surface atoms that can participate in surface
reactions, resulting in high sensitivity to species adsorbed on the surfaces. Moreover,
ZnO nanowires can be configured as two terminal sensing devices or FETS in which a
transverse electric field can be utilized to tune the sensing property.*** In addition, the
diameters of the nanowires are small and comparable to the Debye length, hence
chemisorption induced surface states can effectively affect the electronic structure of
the entire channel, thus making 1D ZnO nanostructures more sensitive than thin film.

When the diameter of the ZnO nanowires is much larger than the Debye
length Ap (~ 30 nm for Zn0),'?40112113 oy the atoms in the space-charge region
can participate in surface reactions, thus atoms in the core of ZnO crystals are not
involved in the sensing of the analyte gas. However, when the diameter of the
nanowires is similar or smaller than the Debye length of ZnO, the sensitivity of the
ZnO should increase dramatically. With reducing diameter, the surface/volume ratio
increases; and when the size of the wires is close to or even smaller than the Debye

length, the whole wire can be treated as a surface.
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Rao and co-workers™ have synthesized ZnO nanostructures with different
routes and studied the H, sensing property. ZnO nanorods with 30 - 40 nm diameters
and 600 - 800 nm lengths were synthesized by a hydrothermal route, while ZnO
nanowires with diameters of 20 - 30 nm and lengths of 1 - 2 um were prepared by an
electrodeposition method. At a working temperature of 150 °C, the ZnO nanorods
showed a sensitivity of 32 towards 1000 ppm of H, while the ZnO nanowires showed
a sensitivity around 40. The sensitivity was calculated by:

Sensitivity = Rair/Rgas (1.24)
where Ry is the resistance of the sensor in dry air and Rgss is the resistance in the test
gas.

ZnO nanowires with a very high aspect ratio of more than 250 were
synthesized by Kang et al.™® via thermal chemical vapor deposition (CVD) on
vertical nanowires grown by hydrothermal growth (HG). The synthesized ZnO
nanowires displayed a sensitivity of 72 % and response time as fast as 30 s towards
10,000 ppm of H, at 200 °C. The sensitivity of the gas sensor in this case was
calculated by:

Sensitivity (%) = (Rair - Rgas)/Rair X 100 % (1.25)
where Rair and Rgss indicates the resistivity under the air ambient and the resistivity
when the target gas is injected. This is much higher than the sensitivity value of 50 %
from the vertical HG-nanowire and the value of 35 % from the vertical CVD
nanowires without the HG-nanowire. The results indicate that the method
synthesizing the vertical ZnO nanowires by combining the HG process and thermal
CVD is a very promising way to fabricate both the vertical nanowires and the highly

sensitive gas sensors.
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Catalytic metal clusters can be deposited on ZnO to improve the gas sensing
performance. Wang et al.''® deposited a variety of metal catalyst coatings (Pt, Pd, Au,
Ag, Ti and Ni) on multiple ZnO nanorods and compared their effectiveness in
enhancing sensitivity towards hydrogen at room temperature. Pt-coated nanorods
showed a relative response of up to 8 % upon exposure to a hydrogen concentration of
500 ppm in N,. This is a factor of two larger than that obtained with Pd and more than
an order of magnitude larger than that achieved with the other metals. The sensitivity
of the gas sensor was calculated by:

Sensitivity (%) = |(Rgas - Rair)/Rair] X 100 % (1.26)
where Rair and Rgss indicates the resistivity under the air ambient and the resistivity
when the target gas is injected. By comparison, the uncoated devices showed relative
resistance changes of only ~0.25 % for 500 ppm H, in N,. The Pt-coated ZnO
nanorods could detect hydrogen down to 100 ppm, with a relative response of 4 %
after exposure for 10 mins. The nanorods was able to recover fully when the ambient
was switched back to air. The improvement in hydrogen sensing performance is due
to the increased catalytic dissociation efficiency of molecular hydrogen to the more
reactive atomic form by the catalytic metals.**’

Gas sensors based on 1D oxide nanostructures are usually operated at high
temperature (200 to 500 °C) to enhance the surface molecular adsorption/desorption
kinetics and continuously clean the surface. However, the development of room
temperature gas sensors will bring about very important advantages such as low
power consumption, simple system configuration, reduced explosion hazards, and

longer device lifetime.
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1.8 Field emission of 1D ZnO nanostructures

Field emission is the process where electrons are emitted from a solid by
tunneling through the surface potential barrier, when the potential barrier is lowered
by the application of a strong electric field. Such a process is different from
thermionic or photoelectric emission, in which the electrons overcome the surface
potential barrier with energy obtained from heating or photoemission. The schematic
of the potential-energy diagram for electrons at a metal surface under an applied field
based on the basis of an ideal metal-vacuum interface is shown in Fig. 1.6. To achieve
field emission, a potential difference is applied across the sample giving rise to an
external field. This applied field distorts the potential of the sample enabling
unexcited electrons to tunnel through.™® The Fowler-Nordheim (F-N) theory assumes
that the resultant potential is triangular and a relation between the current density, the

applied electric field and the workfunction of the material can be determined.
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Figure 1.6. Schematic diagram showing the effective potential barrier between ideal
metal and vacuum under a local electric field.
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The F-N theory was developed by Fowler & Nordheim,**® and other

121

researchers such as Good & Mueller,*?® and Gadzuk & Plummer,*? to describe the
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relationship between the emission current density and the electric field applied on the
metal surface. This theory was based on the idea of an ideal metal-vacuum interface,
as schematically shown in Fig. 1.6. The simplified version of the F-N equation'? is
widely used to model field emission characteristics:

2.2 3 3

Y 2
o} BrNE E?2 BrN E ABFN

Where J is current density (A/cm?),
E is electric field (V/ m),
¢ is work function of the emitter,
Ben is field enhancement factor
A and B are constants of value 1.56 x 10™° A V2 eV and 6.83 x 10° V
eV¥2 um™ respectively.

Eq. (1.27) means that if the emission process follows the F-N theory, the In(J/E?)
versus 1/E curve (called a F-N plot) should be a straight line. From the slope of F-N
plots, information on the work function or enhancement factor can be obtained and
the intercept gives the effective emission area after the enhancement factor has been
determined.

Since the discovery of field emission, many kinds of materials have been
tested as cold cathodes for applications such as backlighting, flat panel displays, x-ray
sources, and microwave amplifiers.*”® One of the milestones is the development of
Spindt-type cathodes,*?* in which microfabricated Mo or Si tips arrays are used in a
gated configuration for large scale addressable electron emitters for prototype field
emission displays (FEDs). The study of the basic properties and potential applications
led to the creation of vacuum microelectronics. Besides Spindt-type emitter arrays
based on Mo and Si tips, diamond related materials have been utilized to fabricate
field emitters due to their small or negative electron affinity.'*>*?°

1D nanostructures have proven to be good field emitters because the local

electric field near the tips can be greatly enhanced due to the high aspect ratio. As a
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result, field emission studies based on a wide variety of 1D nanostructures have been
actively pursued by researchers worldwide in the last decade. The nanostructures
studied include nanotubes, nanowires/nanorods/nanoneedles, nanobelts and other
complicated structures based on 1D blocks such as nanoflowers and networks. A good
field emitter has qualities such as low turn on voltage, high emission current density,
high field enhancement factor and stable emission. However, important factors such
as geometry, crystallinity, presence of defects and good adhesion between nanowires
and the substrate can also affect the field emission properties. Carbon nanotubes
(CNTs) have attracted much attention as efficient field emitters due to their excellent
field emission properties and high electrical conductivity.'?® The high aspect ratio
of CNTs (a few micrometres in length and a diameter of several nanometres) makes it
possible to achieve a high electric field at the tips for electron emission at moderate
applied voltages. Several experiments have shown that the CNTs have the potential to
be excellent field emitters.’**% However, the achievement of vertically well-aligned
CNTs arrays for applicable field emission devices has not been facile and degradation

of CNT field emitters at pressures higher than 10 mbar*°

by residual gases including
oxygen is one of the problems to overcome for high performance field emission
displays (FEDs).

After the discoveries of 1D ZnO nanostructures, many researchers suggested
that these nanostructures have the potential to substitute CNTs as electron emitting
sources because they have good thermal stability, good conductance, large aspect
ratios such as CNTs and the degradation of field emission characteristics by residual
gas may be reduced for an oxide surface of ZnO.**" Some of the first experiments on

field emission from ZnO nanowires were demonstrated by Lee et al.**® Despite the

array of ZnO nanowires being not vertically well aligned, the turn-on and the
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threshold field were 6.0 VV um ™ at current density of 0.1 pA cm 2 and 11.0 V um * at
0.1 mA cm?, respectively. Although these field emission characteristics were lower
than those of CNTs (turn-on field of 1 V um ™ and field emission current of 1.5 mA at

3V um*; current density, J = 90 pA cm %)

they were good enough to be used as an
electron emitter. Soon after the report of Lee et al., several groups reported on
electron emission from ZnO nanowires.’**** The reported results demonstrated that
the field emission characteristics of 1D ZnO nanostructures are comparable to those
of CNTs. Highly oriented vertical alignment has been considered as a factor in
enhancing field emission properties since electrostatic models in metal cones were
investigated by theoretical calculation.'* ZnO nanowires that are vertically well-
aligned were fabricated successfully by diverse methods and used to conduct field
emission experiments. Li et al. showed that the vertical alignment of the ZnO
nanowires plays an important role in determining the field emission characteristics.'*
Despite 1D ZnO nanostructures being considered by many researchers as good field
emitters, additional experiments on various aspects including electrical conductivity,
density control and device structures need to be done to yield excellent field emitters
based on 1D ZnO nanostructures.

Density control of the 1D ZnO nanostructures is important because the field
emission performance can be affected by screening effect due to electrostatic
screening between adjacent emitters. This effect is also observed in CNT field
emitters.'***% Theoretical and experimental studies have revealed that the electric
field near the apex of emitters decreases with decreasing spacing between them.
However, there will be insufficient emitters for a large emission current at very low
emitter densities. Previous reports have suggested that the optimal spacing is twice the

height,***'* or similar to the height of CNTs.*®'*" Teo et al.'*® experimentally
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verified Nilsson’s™ simulation result with a CNT array which is 5 pm high and has

spacing of 10 um distance between each other. Li et al.'s'*

work on injector-like ZnO
nanostructures had minimum screening effect when the distance between two
neighbouring emitters was about 1.3 times the height of the needles.

Rigid substrates such as silicon, transparent conductive oxide-coated glass and
metals which can withstand high temperatures are commonly used for field emission
applications. However, with the increasing demand for flexible and transparent
electronics, there is a need for mass fabrication of field emission sources on flexible
substrates. The fabrication processes need to be low temperature due to the limitations
of the flexible substrate. Therefore, the low cost, scalable, low temperature, substrate-

independent hydrothermal synthesis method holds promise for realizing flexible field

emission display devices on a commercial scale.

1.9 Objectives and significance of the study

The first broad scope of this thesis is to demonstrate the hydrothermal
synthesis and control of the physical properties of ZnO films and nanowires. Under
this scope, the first objective is to investigate the growth mechanisms and
morphological control parameters such as precursor concentration, addition of
surfactant and growth duration. This hydrothermal synthesis method will offer a low
temperature, low cost and scalable route to synthesizing ZnO which is suitable for
implementation on plastic substrates. Following this, the second objective will be to
investigate the control of electrical properties of the ZnO films and nanowires by
studying the changes in the electrical properties after surface modification by
ammonia plasma treatment of varying durations. This will provide a facile, reliable

and low temperature method of modifying the electrical conductivity of ZnO towards

p-type.
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The second broad scope of this thesis involves the exploitation of the
nanowires for device applications and a study on the performance of the devices. In
the first objective under this scope, flexible hydrogen gas sensors will be fabricated by
synthesizing ZnO nanowires on plastic substrates and platinum (Pt) catalysts will be
deposited on the nanowires to improve the hydrogen gas sensing performance at room
temperature. The development of such a flexible gas sensor will be an answer to the
demand for flexible electronic devices and the ability to operate at room temperature
will mean lower power consumption and lower risk in combustible environments. The
second objective is to study the feasibility and robustness of flexible field emission
devices based on ZnO nanowires grown on plastic substrates. The influence of
screening effect on field emission will be investigated by varying the spacing between
the bundles of ZnO nanowires. This study will contribute to the development of high
performance transparent and conformal electronic devices for portable display and
other state-of-the-art electronics products. It will also add to the current literature

reported on screening effect of ZnO field emitters.

1.10 Organization of thesis

This thesis consists of 6 chapters describing the works carried out on ZnO.
Following the present chapter (Chapter 1) on the background of the project and the
relevant literature review, the synthesis of ZnO films via the hydrothermal method
will be discussed in Chapter 2. The effect of ammonia plasma treatment on ZnO
films will also be studied in detail with a variation of the plasma treatment duration.
The treatment duration with the optimum p-type properties will then be applied to the
ZnO nanowires in Chapter 3. In this chapter, the synthesis of ZnO nanowires will be
discussed and the electrical properties of the treated nanowires will be investigated.

The nanowires will then be used in applications such as gas sensing and p-n junctions.
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Chapter 4 will showcase the hydrogen gas sensing abilities of ZnO nanowires grown
on flexible plastic substrates and the enhanced sensing performance with the addition
of Pt catalyst. The patterned growth of ZnO nanowires on plastic substrate is
demonstrated in Chapter 5. The field emission properties of the nanowires will be
discussed with a study on the screening effect of a periodic array of nanowires with
varying array spacing. Lastly, Chapter 6 summarizes the findings in this project. A

number of possible directions for future works will also be suggested.
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Chapter 2 Synthesis of ZnO Films and Post-Growth Ammonia
Plasma  Treatment for Tuning of Electrical
Characteristics

In this chapter, the growth of ZnO films on c-sapphire substrates via the
hydrothermal method is investigated. Experimental parameters are varied to
understand the optimal parameters needed to produce a fully coalesced film with the
shortest growth duration. The films are then treated with ammonia plasma in an effort
to modify the electrical properties of the film towards p-type conductivity. The
duration of the plasma treatment is varied to study the effect of treatment duration on

the characteristics of the film.

2.1 Introduction

As recently reviewed,® ZnO is considered a candidate for a wide variety of
applications including room temperature UV lasers,? transparent conducting
electrodes,® surface-acoustic wave devices* because of its large piezoelectric
constant,® and gas sensors.®’ The wide bandgap of 3.37 eV and large exciton binding
energy of 60 meV, which is almost 3 times that of GaN (21 meV) makes ZnO a
potential material for use in opto-electronic devices such as light emitting diodes
(LEDs) and laser diodes.®® High quality epitaxial films are needed in some
applications such as transparent conducting electrodes and LEDs. Epitaxial ZnO films
are commonly deposited using high cost vacuum deposition techniques such as metal-

1011 metal-organic vapour-phase

organic chemical vapour deposition (MOCVD),
epitaxy (MOVPE),***® pulsed laser deposition (PLD),*"*® and molecular beam
epitaxy (MBE).?>*® However, there has been an increasing interest in cheap and

scalable production of ZnO films using a low temperature and environmentally

friendly method in recent years. The aqueous route to synthesize ZnO films fulfil
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these requirements because the investment of thermal energy required for such low
temperature growth is minimal and expensive vacuum pumps and chambers
associated with vapour deposition are not required. This process offers scalability
where films can be grown on large-sized substrates and numerous films can be grown
simultaneously, offering high production throughput. The synthesis is also based on
green chemistry and does not give rise to any significant process hazard or
environmental concern.

However, the lack of a stable p-type doping for ZnO is hindering the
application of ZnO in opto-electronics. ZnO is n-type by nature due to native defects
such as oxygen vacancies and zinc interstitials.?*?® There are several issues that limit
the efficiency of p-type doping in ZnO, namely: low dopant solubility, deep acceptor
level, and “self-compensation” of shallow acceptors resulting from native donor
defects.”” To overcome these problems, many growth techniques and post-treatment

methods?®3!

using Group | elements (Li, Na) and group V elements (N, P, As, Sh)
were employed to realize the p-type conductivity in ZnO. For many reasons, nitrogen
seems to be the ideal choice for p-doping in ZnO%: nitrogen and oxygen have similar
ionic radii,®* N has the lowest ionisation energy of all possible Group V elements, and
it does not form the N-on-Zn antisite (Nz).

In this chapter, ZnO films were synthesized by the low temperature and
environmentally friendly hydrothermal growth method.** The growth parameters were
varied to understand and obtain the optimal parameters needed to produce a fully
coalesced ZnO film in the shortest time. P-type characteristics in the film was
obtained by surface modification using ammonia (NHs) plasma treatment without

delibrate heating of the substrate. The duration of the plasma treatment was varied to

tune the electrical characteristics of the film towards optimal p-type conductivity. The
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set of parameters which produced the best p-type electrical properties in the ZnO

films will be applied to ZnO nanowires in the next chapter.

2.2 Experimental procedures

ZnO films were grown on c-sapphire substrates using the hydrothermal
method. The substrates were cleaned by sonicating in isopropyl alcohol (IPA) (5 min)
followed by ethanol (5 min). The substrates were blown dry with a stream of nitrogen
gas. A 100 nm thick ZnO seed layer was sputtered on the c-sapphire substrates via RF
magnetron sputtering (Denton Vacuum Discovery 18 system) at room temperature.
The buffer layer acts as a seed layer to encourage growth of the ZnO film and it also
serves to reduce the lattice mismatch between ZnO and c-sapphire. The seeded
substrates were then placed into a 25 ml growth solution containing zinc nitrate
hexahydrate (Zn(NOs),-6H,0), ammonium hydroxide (NH,OH, 33 %) to adjust the
pH of the growth solution to 10.9 and trisodium citrate (NasCgHs0O-) as surfactant to
promote coalescence of nanowires to form a continuous film. The growth process was
carried out at 90 °C for 1 to 3 hours. The synthesis steps are illustrated in the
schematic diagram in Fig. 2.1. To obtain a better understanding of the growth
mechanism and the effect of growth parameters on the physical attributes of the film
such as coalescence and height of the film, several growth parameters were varied,
namely: (i) growth solution concentration (25 to 100 mM of zinc nitrate), (ii) amount
of trisodium citrate added (0 to 1.94 mM), and (iii) growth duration (1 to 3 hours).

Based on the results from these studies, ZnO films with the ideal morphology
were synthesized using the optimal growth conditions of 50 mM zinc nitrate, 0.97
mM trisodium citrate and growth duration of 1.5 hours. The films were then treated
with NH3 plasma without any additional heating. The RF power was 250 W and the

treatment was carried out at a pressure of 0.4 mbar. The treatment duration was varied
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from 30 to 180 s to investigate how the plasma treatment duration affects the

characteristics of the film.

ZnO film
100 nm ZnO seed 100 nm ZnO seed
C-sapphire — C-sapphire — C-sapphire
Cleaned C-sapphire Sputter 100 nm ZnO seed Hydrothermal

growth of ZnO film

Figure 2.1. Schematic diagram of hydrothermal growth of ZnO films on c-sapphire
substrates.

Various characterization techniques were carried out on the samples. Scanning
electron microscopy (SEM, JEOL FEG JSM 7001F) and transmission electron
microscopy (TEM, Phillips FEG CM300) characterized the morphology of the
synthesized products while the crystalline structure of the ZnO film was analyzed
using X-ray diffraction (XRD, Philips X-ray diffractometer equipped with graphite-
monochromated Cu Ka radiation at A = 1.541 A). XRD was also used to study the
shift in the ZnO (002) peak from the lattice expansion due to the presence of the N or
N-H atom pairs in the crystal lattice of the ZnO film. Room temperature optical
properties were measured with the micro-photoluminescence (PL) with He-Cd laser at
325 nm. The change in the intensity of the defect peak with the variation of plasma
treatment duration was investigated. Hall measurements were carried out on 1 x 1 cm?
samples using the Van der Pauw sample configuration with nickel (Ni) contacts at
room temperature by a Bio-Rad Hall system. X-ray photoelectron spectroscopy (XPS)
was employed to study the elemental composition of the intrinsic and NH3; plasma

treated ZnO films.
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2.3 Results and discussion
2.3.1 Effect of precursor concentration

The concentration of the growth solution was varied to determine the
minimum amount of zinc nitrate needed for film formation. Zinc nitrate of
concentrations 25, 50, 75 and 100 mM were studied without the addition of trisodium
citrate to the growth solution. Ammonium hydroxide was added as required to bring
the pH of the solution to 10.9 and the growth was carried out at 90 °C for 3 hours.

The ZnO nanowires synthesized had average diameters ranging from 54.9 to
650.2 nm and average heights ranging from 2.53 to 11.55 um for increasing
concentrations of growth solution as shown in the SEM images in Fig. 2.2. The
morphology changed from nanowires at 25 mM of zinc nitrate to almost film-like at
100 mM. The observed increase in the height and diameter of the nanowires with the
concentration of the precursor is due to the greater amounts of precursor available,

which induced higher growth rate in both lateral and upward directions.
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Figure 2.2. SEM images (top and cross-sectional views) of ZnO films of various
growth solution concentrations without trisodium citrate.

When 0.97 mM of trisodium citrate was added to the 4 growth solutions with
various concentrations of zinc nitrate (25, 50, 75 and 100 mM), ZnO films were

observed instead of nanowires (Fig. 2.3). The film obtained at 25 mM of zinc nitrate
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had not fully coalesced and some discontinuities could be observed in the film. As the
concentration increased, the film seems to coalesce better but the surface seems to
become rougher at higher concentrations (100 mM). This could be due to competition
between lateral growth of neighbouring crystals pushing against each other, which
resulted in buckling of the film surface. The height of the film was also observed to
increase with precursor concentration from 1.94 um for 25 mM to 7.89 um for 100
mM. However, the height is noted to be generally shorter than the samples grown
without trisodium citrate for all concentrations of zinc nitrate. This is because the
presence of trisodium citrate in the growth solution caused the precursors to be
directed towards lateral growth of the nanowires rather than upward growth, hence

forming a coalesced but shorter film.

25mM 50mM

1pm 1pm 1pm
- -— —

1pm
-

Figure 2.3. SEM images (top and cross-sectional views) of ZnO films of various
growth solution concentrations with 0.97 mM of trisodium citrate.

The results from this set of experiments are summarized in Table 2.1 and Fig.
2.4. It is observed that the presence of trisodium citrate in the growth solution aids the
formation of films and a zinc nitrate concentration of 50 mM is sufficient for film

formation when 0.97 mM of trisodium citrate is added.
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Table 2.1. Summary of average diameter and height of ZnO nanowires and films of
various growth solution concentrations.

L L . Average Average
Zincnitrate(mM)  Trisodiumcitrate (mM) diameter (nm)  height (um)
25 0.00 54.9 2.53
50 0.00 126.5 6.91
75 0.00 270.8 8.72
100 0.00 650.2 11.55
25 0.97 - 1.94
50 0.97 - 5.01
75 0.97 - 7.46
100 0.97 - 7.89
- - 14
--®-- Average diameter (No citrate)

600 _|~-#-- Average height (No citrate) ,'% - 12
T Average height (0.97 mM citrate) ,,r" —
= - 10§
<) / 4
£ 400 - e ¥ A3 85
3 x’i S 6 %
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<4 o » !/’ [,

P
0 . . 0
0 50 100

Concentration (mM)

Figure 2.4. Plot of average diameter and height of ZnO nanowires and films of
various growth solution concentrations.

2.3.2 Effect of trisodium citrate concentration

The amount of trisodium citrate added to a growth solution with 50 mM of
zinc nitrate was then varied to study its effect on the coalescence of the nanowires and
the height of the film. The samples were grown at 90 °C for 3 hours. The amounts of
trisodium citrate added were 0.49, 0.97, 1.46 and 1.94 mM. Trisodium citrate is a
surfactant which promotes lateral growth of the nanowires, causing them to coalesce
into a continuous film. The negatively charged citrate ions adhere to the positively
charged Zn-terminated (0001) plane and retard growth in the [0002] direction (c-
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direction), while growth rate in the lateral [10-10] direction remains unchanged (Fig.

2.5).3

>
Cd

[0002]

No citrate

Zn-(0001)

4\1,_

Citrate ions adhere
to Zn-(0001) plane

° (0]
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With citrate

§.o
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Figure 2.5. Schematic illustration of citrate anions adhering to ZnO nanowires.

This causes the diameter of the nanowires to increase with citrate anion

concentration. It can be seen from the SEM images in Fig. 2.6 that the film started to

coalesce when 0.49 mM of trisodium citrate was added, but some discontinuities were

still visible in the film. A fully coalesced film was obtained when 0.97 mM or more

trisodium citrate was added to the growth solution. The grain size was observed to

increase as the amount of trisodium citrate increased. The amount of trisodium citrate

also affected the height of the film as seen in the cross-sectional SEM images in Fig.

2.6. The average height of the film decreased from 6.93 to 3.97 um as the amount of

trisodium citrate increased (Fig. 2.7 and Table 2.2). This is because the citrate anions

restrict the vertical growth of the film, causing the growth in the upward direction to

be slower, resulting in shorter films.
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Figure 2.6.
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Figure 2.7.

SEM images (top and cross-sectional views) of ZnO films of various
amounts of trisodium citrate.

0 0.5 1 15 2
Amount of trisodium citrate (mM)

Plot of average height of ZnO films for various amounts of trisodium
citrate.
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Table 2.2. Summary of average height of ZnO films for various amounts of trisodium
citrate.

Trisodiumcitrate (mM)  Average height (um)

0.00 6.93
0.49 5.84
0.97 5.01
1.46 4.25
1.94 3.97

2.3.3 Effect of growth duration

The growth of the ZnO film in a growth solution containing 50 mM of zinc
nitrate and 0.97 mM of trisodium citrate for various time durations was carried out to
study the growth over time. The results obtained will provide a better understanding
of the growth mechanism for the film and how the height of the film changes with
time. The amount of time needed for the film to fully coalesce could also be obtained.
The growth was carried out for 1 to 3 hours and the SEM images are shown in Fig.
2.8.

Individual nanowires were still observable in the sample grown for 1 hour but
a fully coalesced film was observed after 1.5 hours of growth. The samples that were
grown for longer than 1.5 hours maintained the coalesced film morphology. This
indicates that it takes about 1.5 hours for the nanowires in a 50 mM growth solution
with 0.97 mM of trisodium citrate to grow large enough to come into contact with the
neighbouring nanowires and coalesce to form films. The average height of the film
also increased from 0.5 to 5.01 um as the growth time increased as shown in Table
2.3 and Fig. 2.9. However, since a thick film is not required for this work, the growth
time chosen is the minimum time necessary to form a fully coalesced film which is
1.5 hours. A film with an average height of 2.75 um was obtained with this growth

duration.
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1.5 hours

Figure 2.8. SEM images (top and cross-sectional views) of ZnO films of various
growth duration for 50 mM growth solution and 0.97 mM of trisodium citrate.

Table 2.3. Summary of average height of ZnO films of various growth duration for 50
mM growth solution and 0.97 mM of trisodium citrate.

Duration (hours)  Average height (um)

1 0.50
1.5 2.75
2 3.82
2.5 4.53
3 5.01
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Figure 2.9. Plot of average height of ZnO films of various growth duration for 50 mM
growth solution and 0.97 mM of trisodium citrate.

2.3.4 Materials characterization

The top view and cross-sectional SEM images of the ZnO films grown at the
optimal parameters (50 mM zinc nitrate, 0.97 mM trisodium citrate, growth duration
of 1.5 hours) are shown in Fig. 2.10. The films are well-coalesced and hexagonal
shaped grains which are characteristic of the ZnO c-plane were observed on the
surface of the film. From the cross-sectional SEM image, it can be seen that the
nanowires are vertically aligned before coalescing together and a film thickness of
about 2.75 pum was obtained. The cross-sectional TEM image of the film is shown in
Fig. 2.10d. The film was observed to comprise of large single-crystal grains which
emanated from the surface of the c-sapphire substrate. Fig. 2.10e shows the high
resolution TEM (HRTEM) image of a single-crystal grain with the corresponding fast
Fourier transform (FFT) image in Fig. 2.10f. The grains were of single crystalline

structure and highly c-oriented in the out-of-plane direction.
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(0170)

1(0002)

Figure 2.10. SEM images of as-synthesized ZnO film. Top view at (a) 8000x and (b)

20000x. (c) Cross-section view at 15000x. (d) Cross section TEM image of ZnO film.

(e) HRTEM image of a single crystal grain within the film. (f) Fast Fourier transform
(FFT) image of HTRTEM result.

XRD was carried out to characterize the crystallinity of the as-synthesized and
NHs plasma treated ZnO films. The diffraction patterns of the pristine and plasma
treated (120 s) films are shown in Fig. 2.11. The ZnO (002) and Al,O3 (006) peaks
were present in the as-synthesized and plasma treated films, and similar diffraction
pattern was also observed in the other plasma treated films of various treatment
durations (JCPDS Card No. 79-0205). This implies that the crystallinity of the films is
not degraded after plasma treatment. The presence of the ZnO (002) peak indicates
that the films are crystallized in the wurzite phase and present a preferential
orientation along the c-axis. However, a closer observation of the ZnO (002) peak
(Fig. 2.11b) revealed a shift in the peak position towards a smaller diffraction angle
for all the plasma treatment durations. From the Bragg diffraction law,

2dsin® = A (2.2)
The diffraction angle will become smaller when the lattice spacing increases.
Therefore, the shift in the (002) peak indicates an increase in the lattice spacing after

plasma treatment. This is most probably due to the incorporation of nitrogen-related
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species from the NHs plasma into the lattice structure of the ZnO film. The species
that was or were incorporated into the surface of the film during the NH3; plasma
treatment is expected to have an ionic radius larger than that of oxygen, in order to

create an asymmetrical expansion of the crystal lattice.

a) Zn0 (002)
5
S
g y 120s
o
I
) Al, O, (006) As-synthesized
30 35 40 45 50 55 60
20 (degree)
b)
;.\
K
? 180s
z 150s
s 120s
k= 90s
60s
30s
Pristine
34 34.5 20 (degree) 35 359

Figure 2.11. XRD pattern of (a) as-synthesized ZnO film and NH3 plasma treated
ZnO film (120 seconds), and (b) shift of (002) peak for various NH3 plasma treatment
durations.

Room temperature PL measurement was carried out on the ZnO films which
were treated with NH3 plasma for various durations and shown in Fig. 2.12. The PL
spectrum of the pristine ZnO films consists of a visible emission band which peaks at

590 nm and a UV peak located at 381 nm. The UV peak is also known as near-band-
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edge (NBE) emission which originates from free-excitons recombination through an
exciton-exciton collision process.> The visible emission corresponds to deep level
emission due to native defects including oxygen vacancies (Vo).* The intensity of the
defect peak is higher than the UV peak, indicating the presence of a large amount of
defects in the ZnO film. When the film was treated with NH3 plasma, a reduction in
the intensity of the visible emission was observed, suggesting a decrease in the
amount of defects. The decrease in visible emission is probably due to the substitution
of the defect sites by the nitrogen-related radicals from the NH3 plasma. The amount
of reduction in the intensity of the defect peak was noted to increase with the
treatment duration. This suggests that the amount of nitrogen-related radicals
incorporated into the ZnO film corresponds to the time duration of plasma treatment:
the longer the treatment time, the greater the amount of radicals incorporated into the
film, and the fewer the amount of defect sites remaining in the film. The native
defects found in the film are n-type defects. Therefore, the reduction in the number of

defects by the NH3; plasma treatment reduces the n-type characteristics of the films.

== Pristine
30s
=605
=905
=—120s
—150s
—180s

PL intensity (a.u.)

Figure 2.12. PL spectra of ZnO film treated for various durations.
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Hall measurements were carried out to study the change in resistivity, Hall
mobility, carrier concentration and conductivity type of the NH3; plasma treated ZnO
samples with respect to the plasma treatment duration. Good ohmic contacts between
the electrodes and the film were confirmed before carrying out the measurements. The
Hall measurement results are summarized in Table 2.4 and a plot to illustrate the
relationship between the electrical properties and treatment duration is shown in Fig.
2.13. All of the NH3 plasma treated ZnO films showed p-type conductivity regardless
of the treatment duration, with average resistivity ranging from 0.57 to 95.52 Q cm,
average carrier concentration ranging from 1.13 X 10" to 1.95 X 10" cm™ and
average mobility from 0.3 to 5.67 cm?\Vs. This conversion from n-type to p-type
conductivity can be attributed to the incorporation of nitrogen-related radicals from

the NH3 plasma into the surface of the ZnO films.

Table 2.4. Average resistivities, mobilities and carrier concentrations of intrinsic and
NH;3 plasma treated ZnO films.

) Average Average Average carrier .
Duration L . . Carrier type
©) resistivity mobility concentration (n/p)

(Q cm) (cm?/Vs) (x 1017cm-3)

0 95.52 0.35 1.90 n
30 73.35 0.30 2.83 P
60 7.01 1.61 5.53 p
90 0.57 5.67 19.48 p
120 7.15 1.61 2.54 p
150 42.7 0.91 1.61 P
180 63.33 0.87 1.13 p

The sample treated for 90 s showed the best electrical characteristics with the
lowest average resistivity and highest average mobility and carrier concentration (Fig.
2.13). The samples treated for durations shorter or longer than 90 s exhibited poorer
electrical properties with higher resistivity and lower mobility and carrier

concentrations. When the treatment duration was 30 s, the amount of nitrogen-related

53



radicals incorporated into the surface of the ZnO films was sufficient for the sample to
exhibit p-type electrical properties. As the treatment duration increased to 90 s, the
amount of radicals from the NH3 plasma being incorporated also increased, causing
the resistivity to decrease while the mobility and carrier concentration increases,
making the film more p-type. However, when the treatment duration increased
beyond 90 s, the electrical properties of the treated ZnO films started to deteriorate.
The resistivity was increased while the mobility and carrier concentration decreased.
The large influx of nitrogen-related radicals into the ZnO film surface at treatment
durations of more than 90 s degrades the ZnO film quality,”” and induces
compensation of the acceptor states to occur, thus reducing the p-type characteristics
of the film.

The Hall results obtained are comparable to that of nitrogen-doped p-type ZnO
reported in literature as shown in Table 2.5. Carrier concentrations ranging from 1.14
x 10* cm™ to 7.3 X 10'" cm™ with corresponding mobility and resistivity in the range
of 0.82 to 12 cm?Vs and 5.7 to 11000 Q cm respectively were reported.**** The
resistivity (0.57 Q cm) and carrier concentration (1.948 X 10" cm™) of the ZnO film
plasma treated for 90 s are better than these reported values. Although the mobility
(5.67 cm?/Vs) of the treated film is lower than the 12 cm?/Vs reported by Minegishi,*°
it still outperforms the rest of the results in Table 2.5. From the Hall results, it is
evident that NH3; plasma can be an effective method to tune the electrical conductivity
of ZnO films, and this method can possibly be extended to other ZnO nanostructures
such as ZnO nanowires. Moreover, the plasma treatment was carried out without
heating, thus making it possible to fabricate devices on substrates of low melting point

such as plastics.
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Table 2.5. Nitrogen-doped p-type ZnO films reported in the literature.

Ref . Dopant  Resistivity  Mobility Carrier
Technique 5 concentration
number source (Qcm) (cm?/V/s) 3
(cm)
38 Plasma NH; 3.3x102 0.82 3.3x1016
DC reactive
39 magnetron NH; 1.1x10* 4.1 1.14x 1014
sputtering
40 CvD NH; 34 12 1.5x1016
DC reactive
41 magnetron NH3 31 1.3 7.3x10%7
sputtering
42 MOCVD NH3 5.7 4.6 3.0x10%7
43 MBE NO 78 0.18 4.45x10%7
44 MBE N, 40 2 9x1016

XPS characterisation was carried out on the pristine ZnO film and the NH3
plasma treated ZnO film with the best electrical properties (90 s) to identify the
elements present in the film and the corresponding chemical states. Most importantly,
it is to determine the presence of nitrogen and its chemical state. The XPS spectra in
Fig. 2.14a show the Zn 2ps;, peak obtained from the intrinsic ZnO film before and
after surface modification with NH3 plasma (treatment duration of 90 s). The peak for
the intrinsic sample is located at 1021.7 eV which corresponds to Zn bonded to O in
ZnO. However, after plasma treatment, the peak shifted to a higher binding energy of
1022.94 eV. This shift occurs because the symmetry of the crystal lattice has been
degraded, causing the electrical cloud surrounding the Zn atom to be asymmetric.

Since the position of the Zn 2psz;, core level is related to the charge and
chemical environments around the Zn atom, the shift in peak position would imply

the infusion of NH; complexes into the ZnO film during the plasma treatment,
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creating an asymmetry in the lattice structure.* Besides the Zn 2ps, peak, the N1s
peak was also detected in the plasma treated film. No nitrogen peak was detected in
the pristine ZnO film, thus the N1s peak is contributed by the NH3 plasma treatment.
The presence of N1s peak in the XPS spectra of the treated ZnO film (Fig. 2.14b)
shows that nitrogen-based radicals have been successfully incorporated into the film
by NHj; plasma. The N1s peak is centered at 399 eV and deconvolution of the N1s
peak revealed two peaks centered at 398.6 eV and 399.8 eV, which can be attributed
to the N-Zn and N-H bonds respectively.® The higher binding energy peak 399.8 eV

3 and it can be derived from the

related to N ion corresponds to amines, N-H,
hydrogen-passivated N acceptor or N-H radicals. The peak related to the N-Zn bond
has a slightly lower intensity than the N-H peak. This indicates a lower concentration
of N-Zn bonds relative to N-H pairs in the treated ZnO film and suggests low
solubility of N acceptor. No substitutional N, molecules at oxygen sites (404.2 eV)*

and also no N-O bonds (407 eV)*” were found in the ZnO films after NH; plasma

treatment.
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Figure 2.14. XPS spectra of (a) Zn 2p3/2 peak obtained from the ZnO films before

and after NH3 plasma treatment, and (b) N1s peak from ZnO films after NH3 plasma
treatment.

The results from the XPS can explain the trends observed in the XRD and PL

spectra. The shift in the XRD peak Zn (002) is due to the incorporation of N-H pairs
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into the surface of the ZnO film. The ionic radius of N-H is bigger than that of oxygen,
thus their incorporation into the ZnO films causes asymmetry expansion of the crystal
lattice, and a shift of the (002) to a smaller angle. The reduction in the visible
emission band of the PL spectra is also due to the occupation of N-H atom pair on the
defect sites.** N-H will most likely be incorporated into oxygen substitute site (Vo)
since the valence charge and activation energy of the N-H is similar to that of
oxygen.* Therefore, when the plasma treatment duration was increased, the amount
of N-H pairs incorporated into the defect sites also increased, causing the amount of
defects in the film and the corresponding intensity of the emission peak in the PL
spectra to decrease.

This surface modification technique which introduces a variety of atomic and
molecular radicals (N, H, NH, and NH,)* into ZnO lattices through NH; plasma was
successful in tuning the electrical conductivity from n to p-type. The NH; plasma
treatment actually involves a competitive process of simultaneous introduction and
compensation of acceptors resulting from the NH3; plasma. Essentially, N radicals
from the NH3 plasma can be incorporated into the ZnO lattice in at least two chemical
states, either as a N, molecule or a N atom occupying an O site. However, it is evident
from the XPS results that N, does not exist in the ZnO film since the peak at binding
energy of 404 eV is absent. The peak at 398.6 eV indicates that N radicals from NH;
are incorporated substitutionally at O sites. As for atomic radical H from the NHs
plasma, an isolated interstitial H is exclusively a donor in ZnO. Moreover, passivation
of the acceptors by hydrogen impurities leads to a reduction in hole concentration.*®
First-principles calculations have shown that nitrogen acceptors may be compensated
via the formation of defects such as oxygen vacancies,* zinc antisites, and complexes

with zinc interstitials or N, molecules.”*>® However, the presence of neutral N-H
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complexes can prove to be useful in achieving high p-type conductivity. In contrast to
N acceptors, neutral N-H complexes do not result in the formation of compensating n-
type defects. The N—H complexes has no effect on reducing the electron concentration
since it is electrically inactive. Thus, optimization of annealing temperature (not in
this present work) to dissociate N-H complexes after NH3; plasma treatment can be
used to activate a large concentration of N acceptors to achieve high p-type
conductivity.”® The occupation of N-H complexes at the oxygen vacancy sites may
also aid in reducing the oxygen vacancy related n-type defects, hence making the ZnO

films less n-type.

2.4 Conclusions

ZnO films were grown on c-sapphire substrates via the hydrothermal method
and the growth parameters were varied to understand the optimal parameters needed
to produce a fully coalesced film with the shortest growth duration. It was observed
that as the precursor concentration increased, both the diameter and height of the
nanowires also increased, and begin to approach a film-like morphology at a
precursor concentration of 100 mM. The minimum amount of trisodium citrate
needed to form a smooth film was 0.97 mM. However, the height of the film
decreased with increasing amounts of trisodium citrate. This is because the citrate
anions ions adhere to the positively charged Zn-terminated (0001) plane, hence
reducing the growth rate in the upward direction, resulting in shorter films. When the
growth duration was increased, the height of the film also increased, and a time of 1.5
hrs was sufficient for the film to fully coalesce. Effective tuning of the electrical
conductivity of hydrothermally synthesized ZnO films by surface modification using
NHj3 plasma without heat treatment was demonstrated. The XRD results show that the

plasma treatment does not degrade the crystallinity of the films. The incorporation of
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the N-H complexes also aids in reducing the number of defects present in the film as
observed in the PL spectra. Hall measurements of the modified ZnO films revealed p-
type conductivity with resistivity ranging from 0.57 to 95.52 Q cm, carrier
concentration ranging from 1.13 X 10’ to 1.95 X 10'® cm™ and mobility from 0.3 to
5.67 cm?/Vs. The presence of a N1s peak in the XPS spectrum of the surface modified
ZnO film indicates the successful incorporation of NH3 complexes into the film. The
results obtained shows that NH3; plasma treatment is a feasible way to tune the

electrical conductivity of ZnO films.
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Chapter 3 Synthesis of ZnO Nanowires and Ammonia Plasma
Modification Towards P-type Conductivity

In this chapter, ZnO nanowires are synthesized by the hydrothermal method.
Variation in the growth parameters is carried out to obtain a better understanding of
the growth mechanism and also to study the effect of growth parameters on the
physical attributes of the nanowires such as diameter and height. Transfer of the
nanowires from Si substrate to the flexible polyethylene terephthalate substrate is also
demonstrated. The as-synthesized nanowires are treated with ammonia plasma for a
duration of 90 seconds without deliberate heating and the changes in electrical
properties are studied. A P-N junction was fabricated and room temperature hydrogen

gas sensing measurements are carried out using the treated nanowires.

3.1 Introduction

ZnO has been used as liquid-crystal displays, energy-efficient white lighting,
room temperature gas sensors,’ transparent conductor in solar cells and transistors.
The combination of a large direct band-gap of 3.37 eV and 60 meV excitonic binding
energy’ has promoted ZnO as the next generation of electronic and optoelectronic
materials.> ZnO nanowires are of interest because nanoscale devices with arrays of
ZnO nanowires are expected to deliver enhanced performance and unique functions
with diverse applications as compared to thin film counterparts. The traditional
approaches to synthesize ZnO nanowires are the vapour-phase transport process with
the assistance of metal catalysts, thermal evaporation and template-assisted growth.*®
However, the introduction of catalysts or templates involves a much more
complicated process and may introduce impurities into the final product. The vapour-
phase synthesis methods also involve high temperature and high cost vacuum setups.’

Therefore, the simple, fast, less expensive, low growth temperature, high yield and
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scalable hydrothermal growth method will be a better choice to synthesize ZnO
nanowires.?

Similar to ZnO thin film devices, the success of ZnO nanowires devices
depends on the ability to control and tune transport and electrical properties
effectively and economically. However, doping remains a challenge for
nanostructured materials. Non-reproducible and non-uniform doping often occurs due
to limited access of dopants in the nanoscale structure. Other issues reported are
unstable doping due to self-compensating doping, low dopant solubility and complex
doping procedures. Recently, p-type conduction was observed in phosphorus-doped
ZnO nanowire arrays,” however they switched to n-type after two months of storage in
an ambient environment. Despite the considerable efforts that have been carried out to
tune ZnO nanostructures’ electrical properties, low temperature and facile tuning of
carrier density in one dimensional ZnO nanowires is not available.

In this chapter, the hydrothermal method is used to synthesize ZnO nanowires
and the growth parameters are varied to study the effect on the physical attributes of
the nanowires such as diameter and height. Through this study on the growth
parameters, a better understanding of the growth mechanism is obtained. Three
methods of transferring the as-synthesized nanowires from Si substrate to the flexible
polyethylene terephthalate (PET) substrate are also demonstrated and discussed. An
easy surface modification of the ZnO nanowires using ammonia (NHs) plasma which
results in an effective tuning of ZnO nanowires' conductivity is then carried out. The
variation of electron concentration at the surface of the ZnO nanowires dictates the
sensing and electrical properties. To the best of our knowledge, there are no reports on
p-type conductivity ZnO nanowires by surface modification using NH3 plasma with

no heat treatment. With the synthesis and plasma treatment both conducted at low
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temperature, this technique not only provides a low-cost and easy implementation of
electrical properties modification, but also a processing flow compatible with silicon
technologies. In addition, it provides a feasible methodology to fabricate devices on
flexible substrates with surface modified ZnO nanowires. Most importantly, the

resulting functional groups on ZnO nanowires are stable in air for more than a year.

3.2 Experimental procedures

ZnO nanowires were synthesized via the simple and low temperature
hydrothermal method,'®*! consisting of a seeding step followed by the growth step.
The 100 nm thick seed layer was coated onto the Si substrates by radio-frequency (RF)
magnetron sputtering (Denton Vacuum Discovery 18 system) at 450 °C. The elevated
temperature during the sputtering process ensures good crystallinity of the sputtered
ZnO layer. The presence of the ZnO seed layer encourages growth of the ZnO
nanowires and it also serves to reduce the lattice mismatch between ZnO and the
substrate. The seeded substrates were then placed into the precursor solution
containing hexamethylenetetramine (HMT), zinc nitrate hexahydrate and
poly(ethyleneimine) solution (PEI) in 25 ml of de-ionized (DI) water, and heated at
90 °C for several hours. Zinc nitrate and HMT were always added to the growth
solution in 1:1 molar ratio regardless of the concentration. Variation in the growth
parameters was carried out to obtain a better understanding of the growth mechanism
and also to study the effect of growth parameters on physical attributes of the
nanowires such as diameter and height. The growth parameters varied were: (i)
growth solution concentration (5 to 100 mM), (ii) amount of PEI (0 to 0.5 g), and (iii)
growth duration (0.5 to 6 hours). Based on the results from these studies, the optimal

set of experimental parameters consisting of 25 mM zinc nitrate, 25 mM HMT, 0.05 g
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PEI and growth duration of 6 hours were derived and used to synthesize ZnO
nanowires for further studies.

The as-synthesized nanowires were then transferred to a flexible polyethylene
terephthalate (PET) substrate via 3 methods, namely: slide transfer, roll transfer and
heat transfer. In the slide transfer method, the silicon substrate with the ZnO
nanowires (donor) was placed face down onto the PET substrate (receiver) and slid
against the receiver by applying gentle pressure as shown in Fig. 3.1a. For the roll
transfer method, the receiver substrate was first placed firmly on a flat substrate and
the donor substrate was then placed face down on top of the receiver. A cylindrical
rod was then positioned onto the donor substrate and rolled from one end to the other
to transfer the ZnO nanowires onto the receiver substrate (Fig. 3.1b). To transfer
nanowires using the heat transfer method, the receiver substrate (PET) was first
placed on a hotplate at 180 °C, just slightly higher than the glass transition
temperature (Ty) of PET. A piece of donor substrate of a size slightly smaller than the
receiver substrate was then placed on top of the PET and left there for 30 minutes.
After 30 minutes, the substrates were left to cool down to room temperature and the
donor substrate was gently removed from the receiver substrate. A schematic
illustration of the steps is shown in Fig. 3.1c. The nanowires grown on substrate were
treated with NH; plasma and the carrier characteristics of the treated ZnO nanowires
were investigated. The samples were plasma treated for 90 seconds at a pressure of
0.4 mbar with a RF power of 250 W.

Several characterizations and device fabrication were carried out on the intrinsic and
treated ZnO nanowires. Scanning electron microscopy (SEM, JEOL FEG JSM 6700 F)
and transmission electron microscopy (TEM, Phillips FEG CM300) characterized the

morphology of the synthesized products. X-ray photoelectron spectroscopy (XPS)
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Figure 3.1. Schematic diagrams of (a) Slide transfer method, (b) Roll transfer method,
and (c) Heat transfer method.

was employed to study the elemental composition of the intrinsic and NH3 plasma
treated ZnO nanowires. X-ray diffraction (XRD, Philips X-ray diffractometer
equipped with graphite-monochromated Cu Ko radiation at A = 1541 A)
characterized the crystal structures of the ZnO nanowires.

The room temperature photoluminescence (PL) of the nanowires was
measured by micro-PL with a He-Cd laser at 325 nm. Low-temperature PL
measurement was performed at 5 K in a helium closed cycle cryostat using the 325
nm line of a He-Cd laser. The Hall measurements were carried out on 1 x 1 cm?
samples using the Van der Pauw sample configuration at room temperature with a
Bio-Rad Hall system. The hydrogen gas sensors were fabricated by sputtering Pt
electrodes onto the nanowires sample, with a 10 um gap and attaching copper wires to
the electrodes with silver paste. Flexible sensors on plastic substrates can be
fabricated by transferring the synthesized nanowires onto the PET substrate via the
three transfer methods described previously. The hydrogen gas sensors were tested in
hydrogen ambient of various concentrations at room temperature. A p-n homojunction

was formed between NH3 plasma treated ZnO nanowires on n-type ZnO seed layer.
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Metal contacts were fabricated by evaporating aluminum (Al) on the seed layer and
platinum (Pt) onto the treated nanowires. A Metal-Oxide-Semiconductor (MOS)
capacitor was also fabricated by spin coating PMMA onto the ZnO nanowires to fill
the gaps. A layer of SiO, (20 nm) was then sputtered on the nanowires followed by
Cr/Au (10/100 nm) as the metal contact to form the capacitor. For the formation of
ohmic contacts on the seed layer, Cr/Au was deposited on the intrinsic ZnO seed layer
while Pt was deposited on the NH3 plasma treated seed layer. The current-voltage (I-
V) and capacitance-voltage (C-V) measurements were carried out using a Keithley

4200-SCS semiconductor characterization system.

3.3 Results and discussion
3.3.1 Effect of precursor concentration

The precursor concentration was varied from 5 to 100 mM without the
addition of any surfactant to study the effect of precursor concentration on diameter
and height of the nanowires. Since the concentrations of zinc nitrate and HMT in the
precursor solution were always fixed at a ratio of 1:1, a solution with precursor
concentration of 5 mM will contain 5 mM of zinc nitrate and 5 mM of HMT. From
the SEM images shown in Fig. 3.2, it was observed that as the concentration of the
precursor solution increased from 5 to 100 mM, the average diameter and height of
the nanowires also increased from 40.2 to 395.7 nm and 0.82 to 2.05 um respectively.

A summary of the average diameter and height of the nanowires grown at
various precursor concentrations is presented in Table 3.1. Since the height of the
nanowires increases with precursor concentration, it could be possible to obtain long
nanowires by growing in highly concentrated precursor solutions. However, this is not
a feasible approach for growing long nanowires, especially nanowires with high

aspect ratio, because when the precursor concentration increases, both the height and
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diameter increases with the precursor concentration. Moreover, at a concentration of
100 mM, the large diameter nanowires were observed to coalesce and form a film-like
morphology. This could instead be a possible approach to synthesize ZnO films. One
way to obtain tall nanowires with high aspect ratio will be to retard the increase in the
diameter of the nanowires by adding surfactants (e.g. PEI) into the growth solution.

The PEI molecules in the solution will restrict the growth in the lateral direction.
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Figure 3.2. SEM images (top, 30° titled and cross-sectional views) of ZnO nanowires
with varying precursor concentrations.
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Table 3.1. Average diameter and height of nanowires for varying precursor
concentrations.

. Average Average
Concentration (mM) diameter (nm) height (um)
5 40.2 0.82
10 45.4 0.86
15 49.1 1.12
20 70.5 1.38
25 73.2 1.40
50 120.3 1.53
75 252.2 1.65
100 395.7 2.05

The plot of the average diameter and height of the nanowires against the
precursor concentration is shown in Fig. 3.3. From these results, it was observed that
nanowires with diameters less than 100 nm were obtained from precursor
concentrations of 25 mM or less. Among these nanowires, the tallest nanowires with
an average height of 1.4 um were obtained at a precursor concentration of 25 mM.

Therefore, the optimum precursor concentration is 25 mM.
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Figure 3.3. Plot of average diameter and height of nanowires for varying precursor
concentrations.
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3.3.2 Effect of PEI amount

It was previously mentioned that surfactants can be added into the growth
solution to retard the increase in the diameter of the nanowires by restricting the
growth in the lateral direction. One very popular surfactant used for ZnO nanowires is
PEI, a non-polar polymer with a large quantity of side amino-groups (-NH), which
can be protonated and positively charged over a wide range of pH values (3-11).%
The pH value of the growth solution falls within this range, thus producing protonized
PEI molecules in the solution. ZnO has a polar hexagonal wurtzite structure, which
consists of the positive top Zn?* plane (001), the negative basal O plane (00-1) and
the non-polar (-100), (-110) and (0-10) facets. The positive (001) facet has the highest
surface energy, resulting in the fastest growth rate along the c-axis. During growth,
the sides facets of the ZnO nanowires should be negatively charged because the
potential of zero charge point (ZCP) of ZnO is 7.2.'® Therefore, the positively charged
PEI molecules will be adsorbed on the negative facets, acting as capping agents to
hinder the lateral growth of ZnO nanowires (Fig. 3.4). In contrast, growth solutions

without PEI displayed a higher lateral growth rate under the same growth conditions.
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Figure 3.4. Polar facets of ZnO nanowire and effect of PEI.
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Four different amounts of PEI were added to a 25 mM growth solution: 0.05, 0.1, 0.25
and 0.5 g. The SEM images of the nanowires grown are shown in Fig. 3.5. It can be
seen that the diameter of the nanowires decreased after adding PEI while the height

increased. The results are summarized in Table 3.2.
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Figure 3.5. SEM images (top, 30° titled and cross-sectional views) of ZnO nanowires
with various amounts of PEI solution added.

Table 3.2. Average diameter and height of nanowires for various amounts of PEI

added
Average Average

AmountofPEI (g) diameter (nm) height (um)

0.00 51.0 0.75

0.05 32.3 1.15

0.10 30.0 1.15

0.25 31.9 0.58

0.50 No growth No growth

When the amount of PEI in the growth solution increases from 0 to 0.1 g, the
amount of positively charged PEI molecules attached to the side planes of the
nanowires also increases. This slows down the lateral growth of the nanowires and
causes more reactants to be available for the upward growth, thus producing thinner

and taller nanowires. However, when 0.25 g of PEI was added to the growth solution,
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the nanowires did not grow thinner and taller. Instead, the height of the nanowires
decreased by about 50 % compared to those grown with 0.10 g of PEI. This decrease
in height of the nanowires with an increased amount of PEI could be due to the PEI
molecules attaching to some of the ZnO nuclei in solution, restricting the growth and
reducing the amount of precursors available, hence resulting in shorter nanowires.
When the amount of PEI added was further increased to 0.5 g, large amounts of
protonized PEI molecules present in the solution will attach to the ZnO nuclei and
ZnO nanowires at a very early stage of growth, hence terminating the growth of the
nanowires prematurely. From the results, it can be seen that an amount of PEI
between 0.05 g and 0.1 g will be ideal for the growth of thin and long nanowires.
However, 0.05 g of PEI will be used for subsequent synthesis of nanowires so as to
achieve a recipe which requires only minimal amounts of precursors. A plot of the

average diameter and height of the nanowires is shown in Fig. 3.6.
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Figure 3.6. Plot of average diameter and height of nanowires for various amounts of
PEI added

The effect of adding PEI can also be observed in a 100 mM growth solution

(Fig. 3.7). When 0.05 g of PEI was added, a film-like morphology was obtained.
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However, when the amount of PEI was increased to 0.2 g, ZnO nanowires could be
observed and there was an increase in height from 1.7 ym to 2 pum due to the
channelling of the precursors towards the upward growth rather than lateral growth of

the nanowires.

Figure 3.7. SEM images (top and cross-sectional views) of nanowires from a 100 mM
growth solution with 0.05 g and 0.2 g of PEI solution

3.3.3 Effect of growth duration

The growth of ZnO nanowires in a 25 mM growth solution with 0.05 g of PEI
for various time durations was also carried out to study the growth over time. This
would provide a better understanding of the growth mechanism for ZnO nanowires
and also how the diameter and height of the nanowires increase with time. The growth
was carried out for 0.5 to 6 hours and the SEM images are shown in Fig. 3.8. The
results are summarized in Table 3.3.

After 30 minutes of growth, short ZnO nanowires could be observed,
suggesting that the nucleation of the Zn(OH), complexes on the ZnO seeds takes
place within a relatively short time. At 1 hour, the nanowires doubled in height and

the growth of nanowires across the entire substrate seems to be denser. After 3 hours,
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a dense array of ZnO nanowires could be seen and the height was about 1.15 pm. As
the growth time was increased from 3 to 6 hours, the overall morphology of the ZnO

nanowires appeared to be the same, but the height increased from 1.15 pm to 1.62 pm.
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Figure 3.8. SEM images (top, 30° titled and cross-sectional views) of ZnO nanowires
synthesized for various growth durations.
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Table 3.3. Average diameter and height of nanowires synthesized for various growth

durations.
. Average Average
Duration (hours) diameter (nm)  height (um)
0.5 35.5 0.24
1 30.1 0.41
2 33.3 0.76
3 32.3 1.15
4 30.7 1.22
5 38.4 1.39
6 36.5 1.62

Based on the plot in Fig. 3.9, it seems that the height of the nanowires may
continue to increase if the growth time was increased to more than 6 hours. This
suggests that the amount of reactants in the growth solution might be able to support
growth of nanowires beyond 6 hours. It was also observed that the diameter did not
increase much with growth duration and it maintained within the range of 30.1 to 38.4
nm. This suggests that long growth duration with the addition of PEI is a possible
approach to obtaining long ZnO nanowires without significantly increasing the
diameter. A growth duration of 6 hours will be adopted for subsequent synthesis of
nanowires in this thesis because among the nanowires grown for 0.5 to 6 hours, the

nanowires grown for 6 hours has the highest aspect ratio.
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3.3.4 Materials characterization

The growth of ZnO nanowires on Si substrate at the optimal parameters of 25
mM zinc nitrate, 25 mM HMT, 0.05 g PEI and growth duration of 6 hours is quite
dense and has an average length of 1.62 pum with an average diameter of about 36.5
nm (Fig. 3.10a). The cross-sectional view in Fig. 3.10b shows that the nanowires are
vertically aligned on the substrate. Structural characterization of the hydrothermally
grown nanowires was carried out via TEM. Fig. 3.10c shows that the nanowires have
a uniform diameter with a smooth surface. The lattice fringes in the HRTEM image
(Fig. 3.10d) have an interplanar spacing of about 0.52 nm, confirming that the pristine
ZnO nanowires are single crystalline and have a preferential growth in the [0001]
direction.’® No morphological changes of the nanowires were observed after plasma

treatment and the surfaces of the nanowires remained smooth.
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Figure 3.10. (a) Top view and (b) cross-sectional SEM images of hydrothermally
synthesized ZnO nanowires, (¢) TEM image of synthesized ZnO nanowires, and (d)
HRTEM image showing the [0001] growth direction and lattice spacing.
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To fabricate flexible ZnO-based devices, the nanowires can be transferred
onto PET substrates. Fig. 3.11a shows an SEM image of the ZnO nanowires slide
transferred onto a PET substrate. When the donor is rubbed against the receiver, the
shear force of the rubbing and sliding motion causes the nanowires on the donor
substrate to break and align along the sliding axis on the receiver substrate. This
transfer method is also applicable for other receiver substrates such as silicon (Fig.
3.11b and 3.11c). Platinum electrodes can easily be sputtered onto the PET sample for
device fabrication. Fig. 3.11d and 3.11e shows an optical micrograph and SEM image
respectively of the PET sample with sputtered Pt electrodes and an electrode spacing
of 10 um. In the roll transfer process, the shear forces experienced by the nanowires
caused them to break and get transferred onto the receiving substrate. However, the
lack of a directional force caused the nanowires on the receiver to be less aligned than
that obtained from the slide transfer method (Fig. 3.11f). An optical micrograph of the
PET substrate after the heat transfer process is shown in Fig. 3.11g and some patches
can be seen in the image. The patches represent the transferred ZnO nanowires (inset
of Fig. 3.11g). It can be observed that not all the ZnO nanowires were successfully
transferred onto the PET. During the peeling of PET from the donor substrate, some
of the ZnO nanowires remained on the donor substrate. It was also observed that some
of the transferred patches of ZnO nanowires did not adhere strongly to the PET
substrate. From the study of these three transfer methods, it can be seen that the slide

transfer method gave the best alignment with a high density of transferred nanowires.
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Figure 3.11. (a) SEM images of slide transferred ZnO nanowires on (a) PET substrate,
(b) Si substrate at magnification of 3000x, (c) magnification of 200,000x, (d) optical
micrograph of slide transferred nanowires with Pt electrodes, () SEM image of
nanowires with spacing of about 10 um between Pt electrodes, (f) optical micrograph
of nanowires after roll transfer, and (g) optical micrograph of PET substrate with heat
transferred ZnO nanowires (inset shows the edge of a patch of nanowires).

The XPS spectra in Fig. 3.12a show the Zn 2p;, peak obtained from the
intrinsic ZnO nanowires before and after surface modification with NH3 plasma. The
intrinsic sample has a peak located at 1021.7 eV which corresponds to Zn bonded to
O in ZnO. The peak was observed to shift by 1.19 eV towards higher binding energy
after plasma treatment. This shift is due to an asymmetry in the electrical cloud
surrounding the Zn atom which is caused by the degradation in the symmetry of the
crystal lattice. The position of the Zn 2ps, core level is representative of the charge

and chemical environments around the Zn atom, therefore, a shift in the peak position
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implies that ammonia complexes have diffused into the ZnO nanowires, causing an
asymmetry in the lattice structure.* The presence of the N1s peak in the XPS spectra
of the treated ZnO nanowires (Fig. 3.12b) shows that nitrogen has been successfully
incorporated into the nanowires. The peak is centered at 399.3 eV with a full width at
half maximum (FWHM) of approximately 3 eV, suggesting the presence of more than
one chemical state of N. Two peaks centered at 398.5 eV and 399.6 eV were obtained
from the deconvolution of the N1s peak and can be attributed to the N-Zn and N-H
bonds respectively™. The presence of the N-H bonds (399.6 eV) could possibly be
due to hydrogen-passivated N acceptor or N-H radicals from the NH3; plasma. It was
also observed that there is a lower concentration of N-Zn bonds relative to N-H pairs
in the treated ZnO nanowires, indicating low solubility of N acceptor. No other N-
related peaks such as substitutional N, molecules at oxygen sites (404.2 eV)™ or N-O
bonds (407 eV)'" were observed in the treated nanowires.

This simple surface modification technique was successful in tuning the
electrical conductivity from n to p-type. During the NH3 plasma treatment, various
atomic and molecular radicals such as N, H, NH, and NH.'® may be introduced into
the ZnO lattice. The modification in the conductivity type of ZnO can be attributed to
a competitive process involving introduction and compensation of acceptors from the
NH;3 plasma. The N radical from the plasma can be incorporated into the ZnO lattice
either as a N, molecule or a N atom occupying an O site. The chemical state of N,
was not observed in these ZnO nanowires because no peak was observed at 404 eV in
the XPS spectrum. On the other hand, the presence of the peak at 398.5 eV indicates
that N radicals from NH; occupy the O sites substitutionally. As for atomic radical H
from the NH3 plasma, it has been reported that an isolated interstitial H is exclusively

a donor in ZnO.* However, H and N tend to interact strongly to form a neutral No—H

82



complex, which in turn leads to an overall reduction in hole concentration due to
passivation of the acceptors by H. As for N-H complexes, it has no effect on reducing
the electron concentration since it is neutral/electrically inactive. The neutral N-H
complexes also do not result in the formation of compensating n-type defects.
Therefore, the introduction of neutral N—H complexes can be a step towards achieving
high p-type conductivity. Optimization of annealing temperature to dissociate N-H
complexes after NH3 plasma treatment can be used to activate a large concentration of
N acceptors to achieve high p-type conductivity.?’ The amount of oxygen vacancies in
the nanowires may also be reduced by the occupation of N-H complexes at these n-

type related defect sites, thus reducing the n-type characteristics of the ZnO nanowires.
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Figure 3.12. High resolution XPS spectra of (a) Zn 2p3/2 peak obtained from the ZnO
nanowires before and after NH; plasma treatment, and (b) N1s peak from ZnO
nanowires after NH3 plasma treatment.
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Fig. 3.13a shows the XRD patterns of pristine and NH; modified ZnO
nanowires which exhibit a dominant peak at 34-35 °, corresponding to the ZnO (002)
diffraction (JCPDS Card No. 79-0205). This indicates that the nanowires are
crystallized in the wurzite phase and present a preferential orientation along the c-axis.
The (002) peak position of ZnO nanowires was noted to have shifted after NH;
plasma treatment. This shift in the peak is an indication of the incorporation of N-H
into the crystal lattice. Since the ionic radius of N-H is bigger than that of oxygen,
their incorporation into the surface of the ZnO nanowires brings about asymmetry
expansion of crystal lattice. The peak position of (002) of the NH3 modified ZnO
nanowires will in turn shift to a smaller angle, according to the Bragg diffraction law:

2dsinG = A (3.2)

Room temperature PL measurement was carried out on the as-synthesized and
NH; plasma treated ZnO nanowires as shown in Fig. 3.13b. The as-synthesized
nanowires has a UV peak at 379 nm, corresponding to the near-band-edge (NBE)
emission of ZnO. A broad visible emission band centered at 600 nm was also
observed, signifying the presence of intraband defect levels including oxygen
vacancies, Vo.?! After NH; plasma modification, the ZnO nanowires displayed a
significant visible emission quenching which may be attributed to the reduction of the
defect concentration due to the occupation of N-H atom pairs on the defect sites.?” N-
H will most likely be incorporated into oxygen substitute site (Vo) since the valency
charge and activation energy of the N-H is similar to that of oxygen.?? The NH;
plasma treated sample was characterized by room temperature PL again after 14
months. The PL spectrum still displayed similar optical characteristic of a strong UV

emission with insignificant defect peak.
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Figure 3.13. (a) XRD pattern and (b) PL spectra of as-synthesized and NH3 plasma
treated ZnO nanowires; inset of (a) shows the corresponding shift of the (002) peak

The optical properties of the NH3; plasma treated ZnO nanowires were further
investigated using low temperature PL measurement at 5 K. Two peaks could be
observed in the PL spectrum in Fig. 3.14a, namely at 369 nm and 372.5 nm. The peak
at 372.5 nm can be attributed to the excitons bound to the acceptor (A°X) and the
existence of this strong peak signifies the presence of acceptors in the nanowires after
NH3 plasma treatment. The emission at 369 nm is attributed to the near-band-edge
emission of excitons bound to donors (DX).2* Low temperature PL measurement at 5
K was also carried out for as-synthesized ZnO nanowires as shown in Fig. 3.14b and
only the donor bound exciton peak at 370 nm was observed.?* The absence of the
acceptor bound exciton peak provides additional evidence that the acceptors were

derived from the NH3 plasma treatment.
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Figure 3.14. (a) Low temperature PL spectrum at 5 K for NH3 plasma treated
nanowires, and (b) pristine nanowires.

Hall measurements were also carried out to determine the conductivity type,
resistivity, carrier concentration and Hall mobility of the NH3 plasma treated ZnO
nanowires and the intrinsic samples. Good ohmic contacts between the electrodes and
the nanowires were confirmed before carrying out the measurements. Table 3.4 is a
summary of the Hall measurement results and the plot is shown in Fig. 3.15. The NH3
plasma treated ZnO nanowires show p-type conductivity with an average resistivity of
6.04 Q cm with an average carrier concentration of 1.42 X 10* cm™ and average
mobility of 7.34 cm?/Vs. The electrical properties obtained are comparable to p-type

ZnO nanowires of various dopants reported in literature (Table 3.5).
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Table 3.4. Average resistivities, mobilities and carrier concentrations of intrinsic and
NHj3 plasma treated ZnO nanowires.

Sample Average resistivity Average mobility Average carrier concentration Carrier type

(Qcm) (cm2/Vs) (x10'7cm3) (n/p)
NH; plasma
3P 6.04 7.34 1.42 p
treated
Intrinsic 6.18 3.7 2.73 n
. 6 —
8 M Resistivity
. . 1 14
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Figure 3.15. Plot of Hall results from intrinsic and NH; plasma treated ZnO nanowires.

The p-type ZnO nanowires listed in Table 3.5 were doped with Na, P, Ag, Sb
and N via both aqueous and CVD methods. The nanowires have carrier
concentrations ranging from 1.3 X 10'® cm™ to 1.19 X 10 cm™ with corresponding
carrier mobilities in the range of 0.18 — 40.4 cm?/Vs.”>* The carrier mobility of the
NHj3 plasma treated ZnO nanowires is comparable to these p-type nanowires reported
in literature. The carrier concentration of the plasma treated ZnO nanowires has the
same order of magnitude as that of the Ag and Sh-doped nanowires and is one order
of magnitude higher than that of Na and P-doped nanowires. However, the treated
nanowires have a carrier concentration one order of magnitude lower than that of the

1.2° which exhibited a carrier concentration

N-doped nanowires reported by Yuan et a
of 1.19 X 10" cm™. The higher carrier concentration and mobility of Yuan et al.'s
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nanowires could be due to the doping process being carried out at a high temperature
of 750 °C, resulting in higher doping efficiency and also more effective activation of

the N dopants.

Table 3.5. P-type ZnO nanowires reported in the literature.

Carrier concentration

1stauthor Technique Dopant  Mobility (cm%/Vs) (cm?)
Liuz CVvD Na 2.1 1.3x 1016
Li6 CVvD P 40.4 5x 1016
Wang? CvD Ag 0.18 4.9x10Y7
Wang? aqueoussolution Sh 1.2 6 x 10%7
Yuan® CvD N 10.5 1.19x 1018

It should be noted that in the derivation of the mobility and carrier
concentration values for the NH3; modified nanowires, the length of the nanowires was
used as the film thickness. Due to uncertainty in estimating the nanowires film’s
thickness/porosity, the Hall measurement results should be taken as an indication of
relative change in the conductivity type and electrical properties of the nanowires
after plasma modification, and not an absolute result. These results should be
considered complementary alongside other characterization results reported in this
work. However, the Hall measurements were carried out on 10 pristine and plasma
treated samples, and the results obtained were consistent and reproducible.

The intrinsic ZnO sample showed n-type conductivity and had an average
resistivity of 6.18 Q cm with average carrier concentration of 2.73 X 10" cm™ and
average mobility of 3.7 cm?/Vs. This carrier concentration is about twice that of the
plasma treated nanowires, but it results in more scattering, hence leading to lower
mobility in the intrinsic nanowires. The reasons for the lower carrier concentration in
the plasma treated ZnO nanowires could be due to the substitution of oxygen by a

small fraction of N to become an acceptor and/or a large part of the acceptors being
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compensated or passivated in the form of N-H complexes. Nevertheless from the Hall
results, it is evident that NH; plasma treatment can be an effective method to tune the
electrical conductivity of ZnO nanowires. Moreover, the plasma treatment was carried
out without heating which makes it possible to fabricate devices on flexible substrates
with NH3z modified ZnO nanowires. This is an efficient method (90 s) to modify the
conductivity of ZnO nanowires as compared to other synthesis and doping
methods.’>?*?° The functionality of these surface modified nanowires will be proven

through testing of devices built upon these nanowires.

3.3.5 Electrical devices demonstration

The follow-up electrical device demonstrations of both intrinsic and surface
modified ZnO nanowires are based on the p-n junction diode, capacitor and chemical
sensor. The sensing and electrical properties are dictated by the variation of electron
concentration at the surface of the ZnO nanowires. Hydrogen gas sensors were
fabricated from the intrinsic and NH3 plasma treated ZnO nanowires and were tested
at various concentrations of hydrogen, without any operating temperature (room
temperature) (Fig. 3.16a). The gas sensing setup was home-made using vacuum parts
and the hydrogen gas (0.5 %, He balanced) and clean dry air (CDA) were supplied to
the setup via mass flow controllers as shown in Fig. 3.16b. The hydrogen gas sensor
was placed in the sensing chamber and electrical leads from the sample were
connected to a source-meter (Keithley 4200-SCS) via an electrical feed-through. A
chemical sensor fabricated on plastic substrate is shown in the sensing chamber of Fig.

3.16b.
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Figure 3.16. Schematic diagram of (a) hydrogen gas sensor and (b) gas sensing setup
(a plastic chemical sensor is shown in the sensing chamber).

Hydrogen ambient of various concentrations was created by varying the
flowrates of the hydrogen gas and CDA. From Fig. 3.17a, the resistance of the
intrinsic nanowires was observed to decrease in hydrogen ambient and increase in air
ambient, indicating n-type behaviour. Fig. 3.17b shows the sensitivity of the device in
response to various concentrations of hydrogen gas. The sensitivity of the device to

hydrogen gas was calculated by

Sensitivity = mxm%, (3.2)

CDA
where Ry and Rcpa are resistances of the device in hydrogen gas and CDA

respectively. At 1000 ppm, the hydrogen gas sensor showed a sensitivity of 5.0 % and
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the sensitivity increased with the concentration of hydrogen gas, attaining a sensitivity

of 26.4 % at a hydrogen concentration of 5000 ppm.
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Figure 3.17. Time dependent (a) resistance and (b) sensitivity change of intrinsic ZnO
nanowires in 1000-5000 ppm of hydrogen at room temperature.

When ZnO is exposed to gases such as O,, the charge accepting molecules
adsorbs at the vacancy sites, and electrons are effectively depleted from the
conduction band, leading to a reduced conductivity of the n-type ZnO. On the other
hand, when the metal oxide is exposed to gases such as hydrogen, the molecules
would react with the surface adsorbed oxygen and consequently remove it, leading to
an increase in conductivity.*® The response of the surface modified ZnO nanowires is
the opposite of intrinsic ZnO nanostructures. When the modified ZnO is exposed to
0, gas, the depletion of electrons actually results in increased hole density, leading to

increased conductivity. Exposing the NH; modified nanowires to H, gas will cause
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the hole density to decrease hence leading to lower conductance.? From the plot in
Fig. 3.18a, the resistance of the NHs3; plasma treated nanowires was observed to
increase when exposed to hydrogen and decrease in air ambient, indicating p-type
behaviour in the treated nanowires. The sensitivity of this device to hydrogen ambient
of various concentrations is shown in Fig. 3.18b. The NH; modified ZnO nanowires
has a sensitivity of 15 % at 500 ppm hydrogen ambient and it increased to 27 % at a
hydrogen concentration of 2500 ppm.

This shows that the device is capable of showing different levels of sensitivity
at different concentrations of hydrogen, hence the device could possibly be used to
determine the amount of hydrogen gas present in the ambient. The NH; modified
nanowires were tested again after 14 months and the hydrogen sensing result is shown
in the inset of Fig. 3.18b. There is no apparent degradation in the gas sensing
performance and the device exhibited the same p-type behaviour as before. It is also
noted that an advantage of operating a ZnO gas sensor at room temperature is that it
will not result in subsequent adverse structural instability which in turn causes
electrical drift due to grain coalescence, porosity modification or grain-boundary
occurrence.

The schematic drawing of the p-n junction diode using Pt and Al as contacts is
shown in Fig. 3.19a and the ohmic I-V characteristics of the plasma treated ZnO
nanowires is shown in the inset of Fig. 3.19b. The I-V curve of Fig. 3.19b exhibits an
apparent rectifying behaviour of the p-n junction and the turn-on voltage appears at ~
3.3 V under forward bias. The leakage current under reverse bias could be due to
incomplete contact between the Pt electrode and some nanowires. A schematic
diagram of the MOS capacitor is shown in Fig. 3.19c and C-V measurements were

carried out on the MOS capacitor by sweeping the voltage from -3 to 3 V at 100 kHz
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(Fig. 3.19d). The C-V curve shows that NH3 treated ZnO nanowires exhibits p-type
conductivity as opposed to the C-V curve of a MOS capacitor fabricated using
intrinsic (n-type) ZnO nanowires (inset of Fig. 3.19d). The interface traps are not able
to respond to the a.c. signal and causes the C-V curve to stretch out along the voltage

axis. This suggests the presence of interface traps between the oxide and the ZnO

nanowires.
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Figure 3.18. Time dependence (a) resistance and (b) sensitivity change of surface
modified ZnO nanowires as the gas ambient is switched from air to various
concentrations (500-2500 ppm) of hydrogen at room temperature. Inset of (b) shows
the sensitivity of the device to 500 ppm of hydrogen after 14 months.
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Figure 3.19. (a) Schematic diagram of p-n junction, (b) I-V characteristic of p-n
junction; the inset shows the ohmic I-V characteristics of surface modified ZnO

nanowires, (c) schematic diagram of MOS capacitor, and (d) C-V measurement of
NH; treated ZnO nanowires; the inset shows the C-V characteristic of intrinsic ZnO.

3.4 Conclusions

We have demonstrated that the physical dimensions of the ZnO nanowires can
be controlled by varying the growth parameters. When the precursor concentration
was increased, the diameter and length of the nanowires also increased. However, at a
concentration of 100 mM, the large diameter nanowires were observed to coalesce
and form a film-like morphology. Adding PEI to the solution helped to reduce the
diameter by reducing lateral growth of the nanowires but when more than 0.5 g of PEI
was added, no growth of nanowires were observed. When the growth duration was
increased, the height of the nanowires also increased but the diameter did not show
much change. It was also shown that the electrical conductivity of hydrothermally

synthesized ZnO nanowires can be effectively tuned by surface modification using
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NH; plasma without heat treatment. Hall measurements of the modified ZnO
nanowires revealed p-type conductivity with an average resistivity of 6.04 Q cm with
an average carrier concentration of 1.42 X 10" cm™ and average mobility of 7.34
cm?/Vs. Significant quenching of the visible emission in the room temperature PL
spectrum was also observed after NH3; plasma modification, indicating a reduction in
the amount of defects in the nanowires due to the occupation of N-H atom pairs on the
defect sites. The sample was characterized by room temperature PL again after 14
months and the PL spectrum still display similar optical characteristic of a strong UV
emission with insignificant defect peak. Low temperature photoluminescence also
showed evidence of acceptor bound exciton emission. The presence of an N1s peak in
the XPS spectrum of the surface modified ZnO nanowires indicated the successful
incorporation of ammonia complexes into the nanowires. The fabrication of flexible
devices was demonstrated via various methods of transferring and aligning as-
synthesized ZnO nanowires onto plastic substrates. Typical rectification characteristic
of a p-n junction was observed from the I-V curve of the p-n homojunction fabricated
using the surface modified ZnO nanowires. The results obtained from the electrical
devices and hydrogen gas sensor show that ammonia plasma treatment is a feasible

way to tune the electrical conductivity of ZnO nanowires.
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Chapter 4 ZnO Nanowires for Flexible Hydrogen Gas Sensor
Applications

In this chapter, ZnO nanowires are hydrothermally synthesized on
polyethylene terephthalate (PET) substrate for hydrogen gas sensing application. The
gas sensing measurements are carried out at room temperature and a thin layer of
platinum (Pt) is sputtered on the nanowires to improve the sensing performance,
especially at low hydrogen concentrations. The robustness of the flexible device is
also tested by bending the device repeatedly and carrying out hydrogen sensing

measurements with a bent sample.

4.1 Introduction

With the increasing demand for renewable and clean sources of energy,
hydrogen (H.) is expected to become the "fuel of the future™.! However, H, is an
invisible and odourless gas which can cause explosions when its concentration in
ambient air exceeds 4.65 %, thus it is important to detect H, leakage in the
environment. Many research groups have been focusing on the development of
nanoscale H, sensors that are compact, reliable and inexpensive. Recent efforts are
focused on the improvement of H, gas sensitivity, selectivity and room temperature
operation.>” Commercial sensors based on metal oxide particles and thin films are
usually operated at elevated temperatures of 200 to 400 °C to maximise sensitivity
and enhance surface molecular desorption. However, operation at elevated
temperatures may not be ideal in certain scenarios, such as in the presence of other
combustible gases in air.2 Morever, operating the sensors at high temperature can also
result in structural instability which in turn causes electrical drift to grain coalescence,

porosity modification and grain boundary occurrence. For these reasons, it is desirable

for Hy sensors to operate at room temperature.

98



H, gas sensors based on metal oxides such as ZnO, SnO, and In,O3 nanowires
exhibit excellent response and recovery characteristics’ and can potentially overcome
obstacles of other type of sensors, such as sensitivity, selectivity, etc. Among the
various nanomaterials, ZnO is one of the most promising and useful material for gas
sensors, especially H, sensing.?” This metal oxide is attractive for sensing
applications because of its wide bandgap (3.37 eV), the availability of
heterostructures, the ease of synthesizing nanostructures, and its biosafe
characteristics.'>** However, the sensitivity of ZnO bulk material is lower compared
to one-dimensional (1D) ZnO nanostructures. 1D nanostructures are ideal for gas

1214 thermal and

sensors because of several advantages such as large surface area,
mechanical stability,"> and compatibility with other nanodevices. The high aspect
ratio ZnO nanowires provide flexibility and optical transparency, while the single
crystalline structures hold an efficient pathway for charge carrier transport. These
properties also make nanowires ideal for sensitive flexible sensors on plastic
substrates.'®*’

Traditional H, sensors are usually fabricated on inorganic substrates such as
glass, quartz and silicon wafers.'®*® The rigidity of these substrates might limit the
use of these sensors in new applications such as portable devices, aerospace science
and civil engineering that demand flexible, lightweight, and mechanical shock-
resistive sensing elements.?’ In contrast, thin polymer sheets with electrical and
chemical inertness provide an ideal class of substrates for fabricating H, sensors,
which can be used in applications complementary to those of the conventional sensors.
However, the fabrication steps can be quite complicated as it involves the placement

of nanomaterials onto desired substrates, followed by lithography and metallization

steps to produce the metal contacts to the ends of nanostructures.’®*2! Vertically

99



aligned nanowires offer an attractive alternative to these laterally deposited or
networked nanowires sensors. The nanowires can be easily configured to vertical
device platforms and provide potential for device scaling and integration of the largest
number density in mono-layered structures.??* In addition, the modification of metal
oxide active layer by adding small amounts of noble metals has been reported to
improve gas sensing performance.” The metal coating causes catalytic dissociation of
H, to atomic hydrogen, which produces a sensor response through binding to surface

atoms and altering the surface potential.®

However, for widespread applications and
large scale production of ZnO nanowires in sensors, an inexpensive and
environmentally benign synthesis method is required.?”*°

In this chapter, a flexible H, gas sensor is demonstrated by synthesizing
vertically-aligned ZnO nanowires on PET substrates via the low cost and
environmentally friendly hydrothermal growth method. The nanowires were capable
of sensing H, gas at room temperature even at a low concentration of 50 ppm. Pt
nanoparticles were deposited on the nanowires by sputtering, and the catalytic
decomposition of the H, molecules by Pt resulted in enhanced sensitivity of the sensor
and faster response and recovery times. H, sensing measurements were also carried
out while bending the sensor, and the results obtained were similar to that of the
original unbent sample. These results indicate that this is a feasible method of

fabricating flexible nanowires sensor towards novel applications such as mechanically

flexible or transparent light-weight sensors.?

4.2 Experimental procedures
ZnO nanowires were grown on PET substrates by the low temperature
hydrothermal method. The PET substrates were cleaned by sonicating in isopropyl

alcohol (IPA) (5 min) followed by ethanol (5 min), and then blown dry with a stream
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of nitrogen gas. The PET substrates were then sputtered with 6 nm of ZnO as seed
layer via radio-frequency (RF) magnetron sputtering (Denton Vacuum Discovery 18
system) at room temperature. The seeded substrates were then placed into a 25 ml
growth solution consisting of zinc nitrate (25 mM), hexamethylenetetramine (HMT)
(25 mM) and 0.05 g of polyethylenimine (PEI) in de-ionized (DI) water. The
synthesis process was carried out at 90 °C for 6 hrs and the fabrication steps are

illustrated in the schematic diagram in Fig. 4.1.

6nm ZnO seed /
PET substrate —>  PET substrate —  PET substrate

Cleaned PET Sputter 6 nm ZnO seed Non-patterned
growth of ZnO NRs

Figure 4.1. The schematic approach of growing ZnO nanowires on PET substrate.

The Pt catalysts were sputtered on the ZnO nanowires using the JEOL JFC-
1600 Auto Fine Coater at a current of 30 mA for 40 s. This set of sputtering
conditions produced a Pt thickness of about 10 nm. To fabricate the gas sensors,
conductive silver (Ag) paste was used to attach copper wires to the film of nanowires
(Fig. 4.2). The copper wires were then connected to the Keithley 4200-SCS
semiconductor characterization system. Sensing measurements were carried out by
biasing the device at 5 V and measuring the change in resistance of the device while
alternating the environment in the sensing chamber between clean dry air (CDA) and
H, gas at room temperature. Various concentrations of H, ambient were created by
varying the flow of H, gas and CDA using Brooks Mass Flow Controllers.

Various characterization techniques were carried out on the samples. Scanning
electron microscopy (SEM, JEOL FEG JSM 7001F) characterized the morphology of

the synthesized products while the crystalline structure of the ZnO nanowires was
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analyzed using X-ray diffraction (XRD, Philips X-ray diffractometer equipped with
graphite-monochromated Cu Ka radiation at A = 1.54R) and transmissi on electron
microscopy (TEM, Phillips FEG CM300). Room temperature optical properties were
measured by the UV-VIS-NIR spectrophotometer (UV-vis, Shimadzu UV-3600) and
micro-photoluminescence (PL) with He-Cd laser at 325 nm. The elements present in
the ZnO nanowires sample sputtered with Pt were analyzed using Energy-dispersive
X-ray spectroscopy (EDX, Oxford Instruments EDS system AZtecEnergy). The
electrical properties of the samples were studied using a Keithley 4200-SCS

semiconductor characterization system.

. To Kiethley Source Meter
To Kiethley Source Meter

it

ZnO nanowires
II II II II II |
ZnO seed layer

Substrate
Figure 4.2. Schematic diagram of gas sensing device.

4.3 Results and discussion
4.3.1 Materials characterization

The SEM images of the ZnO nanowires on PET substrate are shown in
Fig. 4.3. A uniform and high density growth of ZnO nanowires on PET substrate was
achieved via this hydrothermal method (Fig. 4.3a and b). The average diameter of the
ZnO nanowires is approximately 50 nm. The height of the ZnO nanowires is about 1.9

to 2 um as shown in the cross-section view in Fig. 4.3c. Structural characterization of
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the hydrothermally grown nanowires was also carried out via TEM. The HRTEM
image (Fig. 4.3d) shows lattice fringes of an interplanar spacing ~ 0.52 nm,
confirming that the ZnO nanowires are single crystalline with a preferential growth in

the [0001] direction.

Figure 4.3. SEM images of ZnO nanowires synthesized on PET substrate. Top view
images of (a) low and (b) high magnification and (c) cross-sectional SEM images of
ZnO nanowires synthesized on PET substrate (d) HRTEM image of a nanowire
showing the [0001] growth direction.

The XRD pattern of ZnO nanowires grown on PET is shown in Fig. 4.4. The
diffraction pattern has a very pronounced PET (100) peak at 26°. Two other PET
peaks namely, PET (12-2) at 46.6° and PET (2-30) at 52.9° (JCPDS Card No. 00-060-
0989) are shown in the inset (a magnified view of the spectra in the range 30° to 60°).
The only ZnO peak present is the prominent ZnO (002) peak which can be well
indexed to the hexagonal phase of ZnO with lattice constants a = 0.3242 nm and ¢ =

0.5194 nm (JCPDS Card No. 79-0205). The (002) peak indicates preferential growth
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in the [0001] direction, and also the good crystal structure and phase purity of the

product.
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Figure 4.4. XRD pattern of ZnO nanowires grown on PET substrate.

Room temperature PL was carried out on ZnO nanowires synthesized on PET
substrate (Fig. 4.5) to study the optical properties. A near band-edge emission peak at
380 nm and a broad yellow-orange emission band centered at 600 nm were observed
in the sample. The yellow-orange emission defect peak observed in the spectrum is
most likely due to the presence of intraband defect levels including oxygen

vacancies.>°

PL intensity (a.u.)

300 400 500 600 700
Wavelength (nm)

Figure 4.5. Room temperature photoluminescence of ZnO nanowires.
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Room temperature UV-vis transmittance spectra of the samples were recorded
by a UV-VIS-NIR spectrophotometer to determine the transparency of the
synthesized products. Transmittance measurements were carried out on plain PET,
PET synthesized with ZnO nanowires and ZnO nanowires sputtered with Pt (Pt-ZnO
nanowires). As shown in Fig. 4.6, the transmittance of the plain PET is about 80 to
85 % in the visible range (400 to 700 nm) and ultraviolet (UV) light of wavelength
less than 306 nm is absorbed by the PET.** With the growth of ZnO nanowires on the
PET, the transmittance in the visible range decreased slightly to 70-85 %. The
decrease in transmittance can be attributed to the absorbance and scattering of visible
light by the nanowires. It is also noted that the transmittance of UV light was red-
shifted to 360 nm instead of 306 nm observed in the PET substrate. The absorption of
UV light of 360 nm and less is due to the presence of the ZnO nanowires.** After
sputtering 10 nm of Pt on the ZnO nanowires synthesized on PET, the transmittance
in the visible range decreased to 39 to 65 % and UV light of wavelength 360 nm and
below is still absorbed due to the ZnO nanowires. A transmittance level of at least 39 %
in the visible range for the Pt-ZnO nanowires on PET substrate makes it viable as a
semi-transparent flexible gas sensing device. The inset of Fig. 4.6 shows the plain
PET substrate (black outline), PET with ZnO nanowires (red outline) and nanowires
sputtered with 10 nm Pt (extreme right) against a coloured background. It is evident
from the photograph that the first two samples are highly transparent and the
appearance of the coloured picture is hardly affected by the overlying samples.
However, the deposition of Pt on the nanowires resulted in a slight "blackish” tint in

the sample, causing it to be semi-transparent.
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Figure 4.6. UV-vis transmittance spectra of plain PET substrate and ZnO nanowires
synthesized on PET. Inset is a photograph illustrating the transparency of plain PET
(black outline), ZnO nanowires grown on PET (red outline) and ZnO nanowires
sputtered with Pt on PET.

4.3.2 Hydrogen gas sensing of intrinsic ZnO nanowires

The plain ZnO sample was used for H; sensing at various concentrations of H,
from 400 parts-per-million (ppm) down to 50 ppm. The sample was placed in the gas
sensing chamber where CDA was first flowed in to simulate ambient environment.
After 100 s, the environment in the chamber was changed to a H, environment by
flowing H, gas together with CDA into the chamber. The concentration of H, ambient
in the sensing chamber can be controlled by varying the flowrate of H, gas and CDA.
The sample was kept in the H, ambient for 200 s, after which the ambient was
switched back to air by terminating the flow of H, but continuing the flow of CDA
into the chamber to flush out the H, gas. The entire gas sensing experiment was
carried out at room temperature without any heating of the ZnO nanowires sample.
The sensitivity of the gas sensor is calculated by:

Sensitivity (%) = |(Rgas - Rair)/Rairl X 100% (4.1)
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where Rgas is the lowest resistance of the sample in the H, ambient and R is the
resistance of the sample in air ambient just before introduction of H, gas.*® From Fig.
4.7, it can be seen that the sensitivity of the sensor increases with the concentration of
H,. The sensitivity recorded is 38 % at 400 ppm, 27 % at 300 ppm, 26 % at 200 ppm,
20 % at 100 ppm and 7% at 50 ppm. When the ambient was changed to air after 300 s,
the plain ZnO sample recovers back towards its original state but the recovery took
more than 200 s.

When ZnO nanowires are left in air ambient, oxygen molecules adsorb onto
the surface of the nanowires. These adsorbed molecules draw electrons from the
nanowires, resulting in an electron-depleted space charge region at the surface of the
nanowires. This is indicated by a reduced conductivity of the ZnO sample.

0O2(g) +e — Oz (ad) (4.2)
However, when ZnO is exposed to H,, the H, molecules would react with the surface
adsorbed oxygen and remove it, releasing the electrons back to the conduction band of

the ZnO surface. This in turn leads to an increase in the conductivity of the

nanowires.**%
2H,(g) + O, (ad) — 2H,0O + e~ (4.3
40 - Air H2 Air
S 30 - _
> / ~ . 400 ppm
= 20 - P —— -300 ppm
= . o ° Ty, ,
= A ) ~ * 200 ppm
wlO— / pa —— 100 ppm
" /""""" [ ===50 ppm
0 . ML .
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Figure 4.7. H, gas sensing results of intrinsic nanowires.
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4.3.3 Hydrogen gas sensing of Pt-decorated ZnO nanowires

The addition of metal catalysts such as Pt and palladium (Pd) to metal oxide
gas sensors is known to enhance the sensitivity due to the spillover effect.***? For
example, Wang et. al reported on the use of Pd nanoparticles for catalytic dissociation
of H, to atomic H on ZnO.* The ZnO nanowires synthesized in this work were
sputtered with Pt to enhance the gas sensing performance, and the presence of Pt on
the ZnO nanowires was verified by EDX analysis as shown in Fig. 4.8. Prominent
peaks of Zn Loy, at 1.01 keV, Zn Koy at 8.63 keV and Zn Kf; at 9.57 keV were
clearly observed due to the ZnO nanowires. The Pt peak at 2.05 keV ascribed to the

Moy transition was also detected from the Pt deposited on the nanowires.

Zn L(lez
O
E
2
<
= Zn Koy
Pt M(ll
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0 2 ' ' 8 10

4 Energy (l?eV)
Figure 4.8. EDX spectrum of ZnO nanowires sputtered with Pt.

From the H, gas sensing results shown in Fig. 4.9, it is evident that the
presence of Pt on the nanowires has improved the gas sensing performance. The Pt
decorated device exhibited an enhanced sensitivity of 46 % at 400 ppm, 43 % at 300
ppm, 34 % at 200 ppm, 22 % at 100 ppm and 9 % at 50 ppm of H, gas. The sample
also showed faster recovery than the plain ZnO nanowires sample with the sample
displaying full recovery in 200 s after being exposed to 50 ppm of H, gas. The reason

for the improved sensing performance is due to the dissociation of the H, molecules
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by the Pt catalysts on the surface of the nanowires, allowing the sensing process to be

more efficient.*!
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Figure 4.9. H; gas sensing results of ZnO nanowires sputtered with Pt.

The enhancement of gas sensing performance in the Pt decorated ZnO
nanowires can be explained by the spillover model.*? The spillover effect is reported

to be most active in Pt and Pd metal catalysts. A schematic diagram of the spillover of

H, from the catalyst onto the ZnO surface is shown in Fig. 4.10.

HZ HZ HZ
o@oo@oo@o (LYoo Do A O O
Electron depletion layer Electron depletion layer
Semiconducting core - Semiconducting core - Semiconducting core
Electron depletion layer Electron depletion layer
O (Pt JOO(pt )OO (Pt )O O 0-O- 00 O
&P o’ &\TJ/ <QTJJ @T} @ U T

H, H, H,

Figure 4.10. Schematic diagram on the spillover of H, from the catalyst onto the ZnO
surface.

When the Pt decorated ZnO sample is placed in air ambient, O, molecules are
dissociated on the metal catalyst and adsorbed on the surface of the nanowires.

2Pt + O, — 2Pt-O (4.4)
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The adsorbed oxygen species then draw electrons from the conduction band of the
nanowires to form O7, resulting in an electron-depleted space charge region at the

surface. This causes a decrease in the conductivity of the nanowires.

O+e >0 (4.5)
When the ambient is switched to H,, the incoming H, gas molecules are dissociated

into atomic H on the metal catalyst surface.

2Pt + H, — 2Pt-H (4.6)
The dissociated hydrogen then spillover or migrate onto the ZnO surface and enter a
steady state reaction with the adsorbed O~. The H atoms react with the surface
adsorbed oxygen and remove it, releasing the electrons back to the conduction band of
the ZnO surface and cause the conductivity of the nanowires to increase.

2H+0 — H,0 +¢e” (4.7)
The role of the Pt catalyst is to catalytically activate the dissociation of H, molecules
into H atoms, which then spillover and adsorb onto the ZnO nanowires surface to
facilitate the reduction of the adsorbed oxygen species, thereby increasing the rate of
the redox reaction. This causes the Pt decorated ZnO nanowires to have a more

efficient and sensitive H, sensing process compared to the pristine ZnO nanowires.

4.3.4 Discussion of hydrogen gas sensing results

A summary of the sensitivity of the plain ZnO and the Pt decorated samples
for all concentrations of H; is shown in Table 4.1. There is an average of 30%
improvement in the sensitivities of the samples sputtered with Pt compared to the

plain ZnO samples.
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Table 4.1. Sensitivity of pristine sample and Pt decorated sample.

H, concentration Sensitivity (%)
(ppm) Plain ZnO Pt decorated ZnO
400 38 46
300 28 43
200 26 34
100 19 22
50 7 9

However, besides sensitivity, the addition of Pt on the nanowires also
improved the response time of the gas sensors as shown in Table 4.2. The response
time is defined as the time taken to reach 90 % of the change in resistance after H,is
introduced into the sensing chamber. For the plain ZnO nanowires, the response time
was 240 s or more for all the H, concentrations, giving an average response time of
249 s. For the sample sputtered with Pt, the average response time was 171 s, with
faster response times recorded at higher H, concentrations. The response time for Pt
decorated samples decreased by 31 % on average as compared to plain ZnO samples.
The catalytic dissociation of H, molecules by the Pt metal has produced a more
responsive gas sensor with a more efficient sensing mechanism, resulting in a higher
sensitivity towards H, gas.

The recovery time was also enhanced for the Pt decorated ZnO nanowires
compared to plain ZnO sample. After switching from H, ambient (50 ppm) to air
ambient, the Pt decorated sample has almost recovered fully after 200 s, while the
plain ZnO sample only showed a small amount of recovery in the same amount of
time. The improved recovery can be attributed to the catalytic dissociation of O,
molecules on the Pt catalyst when the H, flow was terminated and the environment in

the sensing chamber was reverted back to air.
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Table 4.2. Response time of samples for various H, gas concentrations.

Concentration of Response time (seconds)
Ha (ppm) Plain Pt decorated
400 240 140
300 248 153
200 246 163
100 241 188
50 271 213

4.3.5 Hydrogen gas sensing of bent sample

The ZnO nanowires on PET substrate is capable of functioning as a flexible
gas sensor. The mechanical and electrical integrity of the nanostructures on PET
substrate is demonstrated in Fig. 4.11. A photograph of a bent sample is shown in Fig.
4.11a. The sample is easily bendable and no cracking or delamination of the film of
ZnO nanowires was observed when the sample was bent. Fig. 4.11b shows a
schematic diagram illustrating the bending of the sample and 0 is used to quantify the
degree of bending. The PET with ZnO nanowires was bent repeatedly from 6 = 90° to
6 = 5° for 100 times and no cracking or delamination was observed in the film of ZnO
nanowires after repeated bending. The excellent adhesion of the ZnO nanowires on
the PET substrate under repeated bending indicates that the film of ZnO nanowires is
mechanically robust, thus making it suitable for flexible device applications. The
current-voltage (I-V) plots of the sample in flat and bent states are shown in Fig.
4.11c. An ohmic I-V curve was obtained for a flat sample. When the sample was bent,
ohmic conductivity was still observed, indicating good electrical conductivity of the
nanowires even in the bent state. The current exhibited a slight increase during tensile
bending and a slight decrease during compressive bending. The slight change in
current could be explained by the tighter or looser packing of the ZnO nanowires

during bending, resulting in increased or decreased amounts of contact between the
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nanowires network. When the sample was returned to the flat state, the conductivity
recovers close to the original state. This shows that the electrical characteristics of the

ZnO nanowires can be maintained despite bending.
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Figure 4.11. (a) Photograph of a bent sample. (b) Schematic diagram showing
bending of the sample. (c) Current-voltage plot of flat and bent sample.

The H; gas sensing measurements were then carried out on a bent Pt decorated
sample to determine how the sensing performance compares to that of a flat sample.
Fig. 4.12 shows the result of the H, sensing results of the sample in both the flat and
bent states. The bent sample exhibited a sensitivity of 45 % towards 400 ppm of H,
gas which is similar to that of the flat sample. The response time of the bent sample
was 142 s which is also about the same as that of the flat sample. From the results of
the bent sample, it can be seen that the gas sensing performance is consistent and
reproducible even when the sample is bent, thus indicating that the gas sensor can still

be used effectively in a bent state.
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Figure 4.12. H, sensing at 400 ppm with flat and bent sample.

4.4 Conclusions

Uniform and high density growth of ZnO nanowires was successfully
accomplished via hydrothermal method with good adhesion on flexible PET substrate.
Enhanced sensitivity of H, sensing down to 50 ppm concentration at room
temperature was demonstrated with Pt metal catalyst on ZnO nanowires. The response
time and recovery time were substantially reduced by the presence of Pt on the ZnO
nanowires, due to the catalytic dissociation of H, molecules on the Pt catalyst. When
the sample was tested in a bent state, it was capable of producing sensing performance
on par with a flat sample. On the whole, the Pt decorated ZnO nanowires gas sensor
showed an improvement in the gas sensing performance and the nanowires grown on

PET substrate proved to be robust and feasible for flexible device applications.
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Chapter 5 Patterned Growth of ZnO nanowires for Field Emission
Applications

In this chapter, ZnO nanowires are synthesized on polyethylene terephthalate
(PET) substrates by hydrothermal method for field emission application. Laser
writing lithography is used to pattern the growth of the nanowires into periodic arrays
of bundles with varying inter-bundle distances to investigate the screening effect on
field emission properties. The visibly-transparent nanowires on PET substrate are also
tested for superior structural integrity with ohmic electro-conductivity in a highly bent

state.

5.1 Introduction

The excellent exhibition of unique electrical, optoelectronic and
photochemical properties of ZnO nanomaterials has gained tremendous research
interest in recent years. In particular, one dimensional (1D) ZnO nanostructures have
been explored for applications such as ultraviolet (UV) laser,® field emission
displays,? gas sensors® and dye sensitized solar cells.* Among these applications, the
use of 1D ZnO nanostructures as electron field emitters is very appealing due to their
high mechanical stability, high aspect ratio, and negative electron affinity in various
vacuum environments.>® Although carbon nanotubes (CNTSs) have attracted much
attention due to their low turn-on fields and large emission currents,” oxide emitters
are more stable in harsh environment and controllable in electrical properties.® The
field emission (FE) performance of various ZnO nanostructures such as nanowires,’
nanoneedles,’® 3D assembly of nanoneedles** have been reported and the results are
comparable or superior to those of CNTs. Therefore, ZnO nanostructure is an

appropriate alternative to CNT for field emission devices.
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With the proliferation of portable display, communication and various state-
of-the-art electronics products, the development of high performance transparent and
conformal electronic devices is an important research focus. The accessibility to
optically transparent and mechanically flexible electronic platforms is the essence of
the next-generation display technologies, including other ‘see-through’ and
conformable devices.’> Polymer substrates such as PET are well-suited for use in
conformal and highly transparent displays and organic electronic devices due to its
light-weight, low cost, transparency, flexibility, thermal resistance and mechanical
strength. As demonstrated in Chapter 4, the hydrothermal method can be used to
synthesize ZnO nanowires on PET substrates because this route of synthesis is simple,
low temperature, cost-effective and easily scalable to large area features. The
controllable growth of 1D nanostructures on plastic substrates would open the door to
many applications, including field emitting devices.

Besides growing ZnO nanowires on plastic substrates, there is also effort in
trying to arrange them in a regular pattern to further enhance device performance. The
patterning of the nanowires on substrates can be controlled by various techniques
including optical lithography, soft lithography etc. However, conventional optical
lithography patterning of nanostructures is commonly carried out on rigid substrates
since it cannot be easily applied to a polymeric substrate. For the case of optical
lithography, the challenges lie in the focusing of light on a transparent and non-rigid
substrate, and the reactivity of the polymeric substrate towards the organic solvent
used in the lithography process. Accordingly, the integration of vertically aligned
nanostructures with patterned growth on a flexible platform for a transparent,
conformable, shock-proof and lightweight product is a technological challenge. There

are reported works that demonstrate patterning of micro/nanostructures on flexible
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substrate mainly through soft lithography eg. microcontact and nanoimprinting.***°

Kang et al. and Wang et al. have presented patterned growth of ZnO nanorods that
combines the direct patterning of ZnO nanoparticle seeds via microcontact printing on
flexible PET and Si substrate respectively. Although the soft lithography patterning of
nanostructures on flexible substrates have been demonstrated, to the best of our
knowledge, there is limited work reported on laser writing based lithography towards
patterned growth of nanowires on flexible substrate.

In this chapter, ZnO nanowires are grown on PET substrates for field emission
purposes. The growth is patterned by laser writing into periodic arrays of circular
bundles with varying inter-bundle distances to investigate the influence of screening
effect on field emission properties. This will aid in the fabrication of field emitters
with the optimal inter-bundle distance for best field emission performance. The
visibly-transparent nanowires on the flexible PET substrate are also tested for superior

mechanical integrity with electro-conductivity in a highly bent state.

5.2 Experimental procedures

The PET substrates were cleaned by sonicating in isopropyl alcohol (IPA) (5
min) followed by ethanol (5 min). The substrates were then blown dry with a stream
of nitrogen gas. A thin layer (10 nm) of gold (Au) was then sputtered onto the PET
substrates followed by a ZnO seed layer of 6 nm via radio-frequency (RF) magnetron
sputtering (Denton Vacuum Discovery 18 system) at room temperature. The purpose
of the Au layer is to provide a conductive layer for the application of an electric field
across the nanowires to induce the emission of electrons. However, it has been noted
that the patterning and growth of nanowires on PET is also feasible without the Au
layer. The thickness of the Au layer was kept to 10 nm so that it is thin enough to

allow some degree of transparency of the device but still ensure good conductivity
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through the metal layer. The seeded substrates were then placed into a 25 ml growth
solution containing 0.05 g of poly(ethyleneimine) solution (PEI), 25 mM of zinc
nitrate hexahydrate and 25 mM of hexamethylenetetramine (HMT) in de-ionized (DI)
water. The growth process was carried out at 90 °C for 6 hours. A thin strip of Au at
the edge of the PET substrate was left bare without any ZnO seed layer to allow good
contact between the copper tape and the Au layer during the field emission
measurements.

For patterned growth of ZnO nanowires on PET, the seeded substrates were
first spincoated with AZ1518 photoresist and soft-baked on a hotplate at 100 °C for
60 s. The photoresist was then patterned with a laser of wavelength 405 nm and laser
power of 66 mW. The pattern is a periodic array of circles (1 um in diameter) and a
spacing of 2 um to 8 um between the adjacent circles. Development of the exposed
photoresist was carried out in a diluted AZ developer (AZ 400K developer : DI water
=1:4) for 20 s, then rinsed in DI water and dried with a stream of compressed air.
The patterned substrates were then placed in the same growth solution as mentioned
above at 90 °C for 3 hrs. The fabrication steps are illustrated in the schematic diagram
in Fig. 5.1.

Various characterization techniques were carried out on the samples. Scanning
electron microscopy (SEM, JEOL FEG JSM 7001F) characterized the morphology of
the synthesized products while the crystalline structure of the ZnO nanowires was
analyzed using X-ray diffraction (XRD, Philips X-ray diffractometer equipped with
graphite-monochromated Cu Ko radiation at A = 1.54) and transmission electron
microscopy (TEM, Phillips FEG CM300). Room temperature optical properties were
measured by the UV-VIS-NIR spectrophotometer (UV-vis, Shimadzu UV-3600) and

micro-photoluminescence (PL) with He-Cd laser at 325 nm. The electrical properties
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of the samples were studied by current-voltage (I-V) measurements carried out using
a Keithley 4200-SCS semiconductor characterization system. The field emission
properties of the synthesized products were measured using a two-parallel-plate
configuration in a vacuum chamber with a base pressure of 2 x 10° Torr at room
temperature. The sample was adhered onto a Cu substrate cathode by copper double-
sided tape while indium tin oxide (ITO) glass was used as the anode. The distance
between the electrodes was kept at 70 um by a PET spacer with a circular hole of 0.28
cm?. A Keithley 237 high voltage source measurement unit (SMU) was used to apply
a voltage of 0-1100 V between the two electrodes and to measure the emission current

at the same time.

6 nm ZnO seed 6 nm ZnO seed
10nm Au 10nm Au
—  PET substrate —>  PET substrate

10nm Au
PET substrate
Sputter 10 nm Au Sputter 6 nm ZnO seed Non-patterned
% growth of ZnO
nanowires

.m-

6nm ZnO seed 6nm ZnO seed 6nm ZnO seed /
10nm Au 10nm Au 10nm Au
PET substrate <:I PET substrate <= PET substrate
Patterned growth Laser writing of pattern Spincoat photoresist

of ZnO nanowires

Figure 5.1. The schematic approach of growing ZnO nanowires on PET substrate with
and without patterning.

5.3 Results and discussion
5.3.1 Materials characterization
The morphology of the synthesized ZnO nanowires on PET without patterning

is shown in Fig. 5.2. The plan view SEM image (Fig. 5.2a) of the sample shows dense,
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uniform growth across the entire substrate, while the 30" tilted view (Fig. 5.2b) shows
well-aligned nanowires. The length of the nanowires is 2 um with an average
diameter of 50 nm. Structural characterization of the hydrothermally grown nanowires
was carried out via TEM. Fig. 5.2c shows that the nanowires have a uniform diameter
with a smooth surface. The HRTEM image (Fig. 5.2d) shows lattice fringes of an
interplanar spacing ~ 0.52 nm, confirming that the ZnO nanowires are single
crystalline with a preferential growth in the [0001] direction.® The corresponding
selected area electron diffraction (SAED) pattern (inset of Fig. 5.2d) of the ZnO
nanowire also implies that its growth is in the c-axis direction and suggests good

crystallinity of the nanowire.
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Figure 5.2. (a) Plan view SEM images of ZnO nanowires grown on PET substrate. (b)
30° titled view of ZnO nanowires. (¢) TEM image of ZnO nanowires, and (d)
HRTEM image of a nanowire showing the [0001] growth direction. The inset shows
the corresponding selected area electron diffraction (SAED) pattern of the ZnO
nanowire.
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XRD spectra of Au-coated PET (Au/PET) and ZnO nanowires grown on Au-
coated PET (ZnO nanowires/Au/PET) were obtained and shown in Fig. 5.3a. Both
spectra have a very pronounced PET (100) peak at 26°. Other PET peaks present were
the PET (12-2) at 46.6°and PET (2-30) at 52.9° (JCPDS Card No. 00-060-0989) as
shown in the inset of Fig. 5.3a which shows a magnified view of the spectra in the
range 30° to 60°. The only Au peak observed was the Au (111) peak at 38.2° (JCPDS
Card No. 01-071-3755) which was found on both samples. The only peak that was
present in the ZnO nanowires spectrum but not the Au/PET spectrum is the prominent
ZnO (002) peak which can be well indexed to the hexagonal phase of ZnO with lattice
constants a = 0.3242 nm and ¢ = 0.5194 nm (JCPDS Card No. 79-0205). The (002)
peak indicates preferential growth in the [0001] direction, and also the good crystal
structure and phase purity of the product.

Room temperature PL was carried out on ZnO nanowires synthesized on both
Si and PET substrates (Fig. 5.3b) to study the optical properties. Si substrate was
included in this study to determine if the substrate affects the PL spectrum of the
nanowires. A near band-edge emission peak at 380 nm and a broad yellow-orange
emission band centered at 600 nm were observed in both samples. The yellow-orange
emission defect peak observed in the spectra is most likely due to the presence of
intraband defect levels including oxygen vacancies.'” The intensities of the two peaks
were noted to be similar for both samples. This similarity suggests that the optical
properties of the ZnO nanowires grown on PET substrate do not differ from those
grown on rigid substrates such as Si. Room temperature UV-vis transmittance spectra
of the samples were recorded by a UV-VIS-NIR spectrophotometer to determine the

transparency of the synthesized products.

125



a ——2Zn0O nanowires
) PET < Zn0O === Plain Auon PET

)

— 3
S &
K 2
2 =
@ o
§ E ‘-‘--'N l"\
E Yewmana L Al S > \.“.'_
40 20 50 60
20 30 40 50 60
20 (degree)
5
s
2
wn -
S On Si
=
_
o
OnPET
300 400 500 600 700
Wavelength (nm)

Figure 5.3. (a) XRD spectra of plain Au on PET and ZnO nanowires on Au-coated
PET. (b) PL spectra of ZnO nanowires on Si and Au-coated PET substrates.

Transmittance measurements were carried out on plain PET, PET sputtered
with 10 nm of Au (Au/PET) and ZnO nanowires grown on ZnO seeded Au/PET (ZnO
nanowires/Au/PET). As shown in Fig. 5.4a, the transmittance of the plain PET is
about 80 to 85 % in the visible range (400 to 700 nm) and ultraviolet (UV) light of
wavelength less than 306 nm is absorbed by the PET.*® After sputtering 10 nm Au on
the PET, the transmittance level in the visible range exhibited a peak value of 57 % at
531 nm which decreased to 48 % at 700 nm. The pronounced absorption increasing at
longer wavelengths could be attributed to the surface plasmon resonance of the Au
layer.” UV light of wavelength less than 306 nm was also absorbed due to the PET
substrate. The spectrum of the sample after synthesis of ZnO nanowires exhibited a
peak transmittance of 58 % at 553 nm which was red-shifted from that of the Au/PET

sample. The transmittance of wavelengths from 553 to 700 nm is quite similar to that
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of the AU/PET sample. However, the transmittance of UV light was red-shifted to 360
nm instead of 306 nm observed in the previous two samples. The absorption of UV
light of 360 nm and less is due to the presence of the ZnO nanowires.®® A
transmittance level of at least 40 % in the visible range for the PET substrate with
ZnO nanowires makes it viable as a semi-transparent flexible field emission device.
An optical photograph illustrating the transparency of the samples is shown in Fig.
5.4b. The plain PET substrate (outlined in red) is placed on the extreme left, the
AU/PET sample is placed in the center and the AuU/PET with ZnO nanowires is
positioned on the right. From the photograph, it can be seen that despite having a

darker shade, the ZnO nanowires sample is fairly “see through” or transparent.
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Figure 5.4. (a) UV-vis transmittance spectrum and (b) photograph showing
transparency of (from left to right): plain PET substrate (red-dotted outline), sputtered
Au (10 nm) on PET and ZnO nanowires synthesized on Au/PET.
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Besides transparency, the mechanical and electrical integrity of the
nanostructures on PET substrate is also of great concern. The homemade setup in Fig.
5.5a was used to bend the sample by various degree of bending quantified by the
angle 0 as shown in the Fig. 5.5a. From the SEM image (Fig. 5.5b inset), it can be
observed that the film of ZnO nanowires grown on the PET substrate exhibits great
flexibility and it conforms to the bending of the substrate without any delamination of
the nanowires film from the substrate. SEM imaging was used to observe the state of
the ZnO nanowires before and after cycling the bending of the sample at 6 = 5° and
90° for 100 times. The SEM images showed that no cracks and delaminations were
formed in the film of ZnO nanowires after bending it repeatedly many times. The
excellent adhesion of the ZnO nanowires on the PET substrate under severe bending
conditions suggests that the ZnO nanowires maintained mechanical robustness, thus
making them suitable for flexible devices applications.

I-V measurement of the sample was carried out at various stages of bending to
determine if the bending affects the electrical characteristics of the ZnO nanowires.
From the I-V curves in Fig. 5.6 which show the results for compressive and tensile
stress at © = 5° respectively, it can be seen that the bending did not affect the ZnO
nanowires. There was a slight decrease in current during and after compressive
bending and slight increase in the current during and after tensile bending. This can be
explained by the tighter packing of the ZnO nanowires during the tensile bending,
resulting in more contacts between the nanowires network. When the bending is
removed, conductivity falls and stabilises close to the original state. The structural
integrity and electrical characteristics were maintained after the electromechanical

testing.
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Figure 5.5. (a) lllustration of degree of bending. (b) SEM images of two areas on the
sample before bending and after bending. Inset shows a bent flexible ZnO nanowires
sample.
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Figure 5.6. I-V curve of sample undergoing (a) compressive stress and (b) tensile
stress. Maximum bending refers to 6 = 5°.

5.3.2 Patterned growth of ZnO nanowires

Patterned growth of ZnO nanowires on PET was achieved via direct laser
writing. The periodic array of 1 um circles with an array spacing of 2, 4, 6 and 8 um
was created by laser writing on the ZnO seeded AU/PET substrate spincoated with
photoresist. Selective growth of ZnO nanowires was observed to occur only in the 1
pum circles and no nanowires were found in the spaces in-between. Patterned growth

of ZnO nanowires in array patterns with varying array spacing is shown in Fig. 5.7.
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The ZnO nanowires grew in bundles in the circles due to the difference between the
size of the circular pattern and the diameter of the nanowires. The size of the circle is
1 pum while the diameter of the ZnO nanowires is between 80 to 600 nm. As a result,
several nanowires could grow in the circle simultaneously, resulting in bundled
growth of ZnO nanowires. Some of the nanowires were also observed to grow at a
tilted angle relative to the substrate. This is because the height of the nanowires (2 to
3.3 um) is greater than the thickness of the photoresist (1 to 2 um). During the initial
growth of the nanowires, they were confined to grow in the upward direction by the
photoresist. However, when the nanowires grow above the photoresist, the growth
direction is no longer confined to the circle, and this caused some of the nanowires to
grow at a tilted angle, giving the bundles a flower-like appearance.

The average diameter and height of the ZnO nanowires are detailed in Table
5.1 together with the corresponding array spacing. It was observed that as the array
spacing increases, the diameter and height of the nanowires tend to increase. This is
because as the array spacing increases, the number of nucleation sites on the substrate
decreases, thus more reactants are available per nucleation site.”* As a result, the

nanowires became larger in diameter and also grew taller.
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Figure 5.7. SEM images (30° tilted view) of magnification 1500x and 5000x for
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5.3.3 Field emission measurements and screening effect

Field emission measurements were carried out on the patterned ZnO
nanowires on PET substrate. The field emission characteristics are presented in Fig.
5.8 and Table 5.1. Fig. 5.8 shows the field emission measurement setup for the PET
samples. It is noted that the spacer used is a PET sheet of thickness 70 pum. Strips of
copper tapes were pasted on the ITO surface of the anode and the Au layer of the

cathode, which were subsequently connected to the Keithley 237 high voltage SMU.

Spacer |

| 6 nm ZnO seed

—>
To Keithley

237

— | 10mmAu
To Keithley 10nm A
237

Figure 5.8. Schematic diagram of flexible field emitter device.

The plot of the emission current density J versus the applied field E from the
samples is shown in Fig. 5.9a. The turn-on field (Eon) is defined as the applied electric
field required to produce an emission current density of 0.1 pA/cm? The Eq, of the
ZnO nanowires grown on the non-patterned PET is 8.2 VV/um. The emission current—

voltage characteristics were analyzed using the Fowler—Nordheim (F-N) equation:*

J = AﬁzEz exp (—Bﬁc);“) (5.1)

where J is the current density (A/cm?), E the applied field (V/um), @ the work

function of the field emitter (5.3 eV for Zn0),?* A the field enhancement factor, A =
1.56 x 10" (AevVv?) , and B = 6.83x10° Vm™ eV®?2 The dependency of the
emission current density on the applied field, plotted in In(J/E® versus 1/E
relationship is shown in Fig. 5.9b, where the slope of the fitted straight line

corresponds to B®>?/8. This indicates that the field emission of the ZnO nanowires
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follows the F-N relationship,?* and that the field emission mechanism is a barrier
tunneling quantum mechanical process. From the F-N plots in Fig. 5.9b, the
calculated field enhancement factor g for the non-patterned sample is 542. Despite the
high aspect ratio of 80, the field emission property is poorer than that of the sample
with 2 um array spacing. The 2 um sample has an aspect ratio of only 26 but
produced an Eg, of 5.7 V/um and g of 2449. The difference in field emission
performance is due to the screening effect from the dense growth of nanowires.®
Although the non-patterned sample has a high aspect ratio, the closely pack nanowires
resulted in a much stronger screening effect between the emitters compared to the 2
pm sample where the nanowires were spaced further apart. The sample with 4 pm
array spacing has an aspect ratio of 24, which is similar to the 2 um sample, but it
shows a poorer field emission result with E,, of 7.7 V/um and g of 986. The larger
array spacing can aid in further reduction of the screening effect, but it also results in
much fewer emitters available for field emission, hence, resulting in poorer field
emission performance. The field emission performance deteriorates further for the 6
and 8 um array spacing samples due to the lower aspect ratio and decreasing number
of emitters available on the samples.

From Fig. 5.10, it is observed that the sample with array spacing of 2 um
produced the lowest turn-on field of 5.7 V/um and the highest field enhancement
factor £ of 2449 among the samples investigated. This can be attributed to the
screening effect being the weakest when the bundles are spaced 2 pm apart. The
spacing/height ratio is 0.8 for the 2 um sample as shown in Table 5.1. Several papers
investigating the screening effect of 1-dimensional (1D) field emitters such as
ZnO?®?" and carbon nanotubes (CNTs)?®*° suggested that the ideal spacing/height

ratio which gives the least screening effect is between 1 to 2. The trend observed in
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the field emission results of the samples with various array spacing shows that a
spacing/height ratio of 0.8 (2 um spacing sample) is ideal for minimal screening
effect and gives the best field emission properties. This value of 0.8 is lower than the
1 to 2 reported in literature. However, it was also observed that the field emission
result shows some degradation when the spacing/height ratio is increased to 1.5 (4 um
spacing sample). This suggests that a better field emission performance could be

obtained if the spacing/height ratio is adjusted to a value between 0.8 and 1.5.
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Figure 5.9. (a) J-E and (b) F-N plots of the ZnO nanowires with various array spacing.
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Table 5.1: Summary of nanowires height and diameter, and field emission properties
of non-patterned and patterned growth with various array spacing.

Array  Average Average

spacing  height  diameter Aspect Eon Calculated Spacing

ratio V/um /height
@m)  @m)  um) Viam) — F g
0 2.0 0.05 80 8.5 1512 0.0
2 2.5 0.19 26 5.7 2449 0.8
4 2.7 0.22 24 7.7 986 15
6 3.1 0.55 11 9.1 742 1.9
8 3.3 0.66 10 Nil Nil 2.3
13
’§12
Ell
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Figure 5.10. Relationship between array spacing and turn-on field and p.

5.4 Conclusions

ZnO nanowires were synthesized by the low temperature hydrothermal
method on flexible PET substrates. The nanowires are single crystalline with wurtzite
hexagonal phase and are preferentially oriented in the [0001] direction. The growth
was patterned into periodic arrays of nanowire bundles by laser writing lithography.
The inter-bundle distance was varied to investigate the screening effect on the field
emission properties. The sample with an array spacing of 2 um produced the lowest
turn-on field of 5.7 V/um and the highest field enhancement factor f of 2449 among

the samples investigated. This can be attributed to the screening effect being the
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weakest when the bundles are spaced 2 um apart. The optically transparent nanowires
on a PET platform exhibited superior structural integrity with ohmic electro-
conductivity in a bent state. The feasibility of optically transparent and mechanically
flexible electronic device could open the door to next-generation ‘see-through’,

shock-proof and conformable display technologies.
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Chapter 6 Conclusions and Future Directions

In this chapter, a summary of the findings in this doctoral dissertation, together
with a few concluding remarks highlighting the implications of the findings, is first
given. The chapter then ends with several recommendations for extension of the

works reported in this thesis in possible future research directions.

6.1 Conclusions

ZnO films and nanowires were synthesized by the low temperature, low cost,
scalable and substrate-independent hydrothermal method. The growth parameters
were varied and the effect on the morphology and properties of the nanostructures
were studied. ZnO films were grown on c-sapphire substrates and variation of the
precursor concentration, trisodium citrate concentration and growth duration was
carried out. It was observed that as the precursor concentration increased, both the
diameter and height of the nanowires also increased, and began to approach a film-
like morphology at a precursor concentration of 100 mM. Trisodium citrate was
added to aid the formation of a smooth film and 0.97 mM of trisodium citrate was the
minimum amount needed for the film to fully coalesce in a growth solution containing
50 mM of zinc nitrate. However, the height of the film was noted to decrease with
increasing amounts of trisodium citrate. This is because the citrate anions adhere to
the positively charged Zn-terminated (0001) plane, thus reducing the growth rate in
the upward direction. When the growth duration was increased, the height of the film
also increased, and a time of 1.5 hrs was sufficient for the film to fully coalesce.

ZnO nanowires were grown on rigid (Si) and flexible (PET) substrates by the
hydrothermal method. Variation of the precursor concentration, amount of PEI added
and growth duration was carried out. The results revealed that increasing the

precursor concentration caused both the diameter and height of the nanowires to
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increase. However, when the concentration was 100 mM, the large diameter
nanowires were observed to coalesce and form a film-like morphology. Adding PEI to
the solution helped to reduce the diameter of the nanowires but when more than 0.5 g
of PEI was added, no growth occurred on the substrates. The height of the nanowires
increased when the growth duration was increased, but the diameter stayed within the
range of 30 to 40 nm.

The hydrothermal films and nanowires were then subjected to ammonia
plasma treatment without deliberate heating to modify the electrical properties of the
nanostructures towards p-type conductivity. The treatment duration of the ZnO films
was varied from 30 to 180 s to investigate how the plasma treatment duration affects
the characteristics of the film. The electrical properties of the ZnO films were
observed to be effectively tuned by surface modification using NH; plasma and the
XRD results showed that the plasma treatment did not degrade the crystallinity of the
films. The reduction in the amount of defects present in the film as observed in the
room temperature PL spectrum was due to the incorporation of the N-H complexes
from the NH3 plasma into the films. Hall measurements of the modified ZnO films
revealed p-type conductivity with resistivity ranging from 0.57 to 95.52 Q cm, carrier
concentration ranging from 1.13 X 10" to 1.95 X 10*® cm™ and mobility from 0.3 to
5.67 cm?/Vs. This change from n-type to p-type conductivity can be attributed to the
incorporation of N-related radicals from the NH3; plasma into the surface of the ZnO
films. The ZnO film treated with NH3 plasma for 90 s displayed the best electrical
properties with the lowest resistivity (0.57 Q cm), highest mobility (5.67 cm?/Vs) and
carrier concentration (1.95 X 10" cm™). The presence of a N1s peak in the XPS

spectrum of the surface modified ZnO film indicated the successful incorporation of
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N complexes into the film. The results obtained shows that NH3 plasma treatment is a
feasible way to tune the electrical conductivity of ZnO films.

When the ZnO nanowires were treated with ammonia plasma, the nanowires
also exhibited p-type conductivity with an average resistivity of 6.042 cm, average
carrier concentration of 1.42 X 10'" cm™ and average mobility of 7.34 cm?/Vs. The
N1s peak was also detected in the XPS spectrum and it was deconvoluted to show the
presence of N-Zn and N-H bonds in the treated nanowires, indicating the
incorporation of N into the ZnO nanowires to form acceptors. Significant quenching
of the visible emission in the room temperature PL spectrum was observed after NH;
plasma modification, indicating a reduction in the amount of defects in the nanowires
due to the occupation of N-H atom pairs on the defect sites. The sample was
characterized by room temperature PL again after 14 months and the PL spectrum still
displayed similar optical characteristic of a strong UV emission with insignificant
defect peak. Low temperature PL carried out at 5 K revealed an acceptor bound
exciton peak at 372.5 nm which indicated the presence of acceptors in the treated
nanowires. The I-V curve of the treated nanowires on a n-type ZnO layer showed an
apparent rectifying behaviour of the p-n junction and the turn-on voltage appeared at
~ 3.3 V under forward bias. Hydrogen gas sensors were fabricated from the plasma
treated ZnO nanowires and they exhibited p-type behaviour towards hydrogen gas of
various concentrations. The sensor showed a sensitivity of 15 % at 500 ppm of
hydrogen and it increased to 27 % at a hydrogen concentration of 2500 ppm. The NH3
modified nanowires were tested again after 14 months and the same p-type behaviour
with no apparent degradation in the gas sensing performance was observed. C-V
measurements carried out on the MOS capacitor fabricated from the NH3 treated ZnO

nanowires also revealed p-type conductivity.
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Flexible hydrogen gas sensors and field emitters were then fabricated by
synthesizing ZnO nanowires directly on PET substrates. The growth of the nanowires
was uniform and dense with good adhesion on the flexible PET substrate. The
hydrogen sensor was tested in hydrogen ambient of concentrations 50 to 400 ppm at
room temperature, and the corresponding sensitivities obtained were 7 to 38 %. Pt
catalyst was sputtered on the nanowires to enhance the sensing performance through
catalytic decomposition of the hydrogen molecules. The Pt decorated samples showed
improved sensitivities of 9 to 46 % corresponding to 50 to 400 ppm hydrogen ambient
and also faster response and recovery. The gas sensor was still capable of sensing
when it was bent and the performance was similar to that of a flat sample. The ZnO
nanowires grown on PET substrate proved to be robust and feasible for flexible
device applications.

The field emission properties of ZnO nanowires on PET substrates were also
investigated. Laser writing on photoresist was used to pattern the growth of ZnO
nanowires bundles in a periodic array with variation of the array spacing to
investigate the influence of screening effect on the field emission properties. The
array spacing was varied from 0 to 8 um, and the screening effect was weakest when
the array spacing was 2 um. The corresponding spacing/height ratio at an array
spacing of 2 um was 0.8, and the nanowires exhibited a turn-on field of 5.7 VV/um and
field enhancement factor f of 2449. The optically transparent nanowires on PET
platform exhibited superior structural integrity with ohmic electro-conductivity in a
bent state. The feasibility of such an optically transparent and mechanically flexible
electronic device could open the door to next-generation ‘see-through’, shock-proof

and conformable display technologies.
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The ability to control the physical, chemical and electrical properties of the
hydrothermally grown ZnO films and nanowires has been shown in this thesis.
Together with the demonstration of flexible devices applications, the works featured
in this thesis can help to bring this versatile material another step further in being
practically applied in various sensory and electrical devices. Some of the work that
lies ahead will be outlined briefly in the next section where we will provide some

recommendations for future work.

6.2 Future directions

The ammonia plasma treatment on the hydrothermal ZnO nanowires and films
proved to be successful in tuning the intrinsically n-type metal oxide into p-type
conductivity. However, more characterizations can be carried out on the plasma
treated samples to have a better understanding of the surface modification process.
For example, Time of Flight Secondary lon Mass Spectrometry (TOF-SIMS) can be
used to identify the elements present in the plasma treated ZnO samples and also to
obtain a depth profiling of the samples. This will give a clearer picture on the quantity
of N-related complexes present in the treated ZnO samples and also how deep the
complexes diffuse into the samples. Nuclear magnetic resonance (NMR)
measurements can also be carried out on the plasma treated ZnO samples to detect the
presence of nitrogen and determine the coordination arrangements and site
occupancy within the different binding sites of the sample. It can clearly distinguish
between different N environments and can effectively determine the relative amounts
of N dopants incorporated.

To further prove the feasibility of this simple and versatile treatment method
for p-type device applications, LEDs can be fabricated from the p-type ZnO

nanowires and films. Electroluminescence (EL) measurements can then be carried out
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on these LEDs to characterize the performance of the LEDs and the electrical
properties of the p-type ZnO nanostructures.

The utility of the flexible gas sensors fabricated from the nanowires can be
extended to sense gases other than hydrogen. For example, volatile organic compound
(VOC) vapours are primary sources of environmental pollutants in indoor air and are
considered seriously harmful to the human body." There are notable correlations
between VOC emissions and different kinds of cancers.? Therefore, it is important to
develop sensors that can detect the vapours and provide timely information to the
occupants regarding the presence and concentration of the VOCs. It will be ideal for
the sensor to function at room temperature because some of the vapours could be
combustible in air at elevated temperatures. It is also useful for the gas sensor to be
flexible because it will allow easy placement of the sensor on any location and surface
in the building. Other metal catalysts such as palladium (Pd) can also be deposited on
the nanowires and the effect on the sensitivity towards various gases including
hydrogen can be investigated.

A fully flexible field emission device or display can be fabricated from the
ZnO nanowires on the Au-coated PET substrates. The top anode will be a piece of
ITO coated PET instead of ITO coated glass. In this way, the ITO coating provides a
transparent conducting layer on the PET where the emitted electrons can be collected
and the flexible anode makes the entire device fully flexible. A layer of coloured
phosphors will have to be coated on the ITO so that the bombardment of the emitted
electrons will produce a coloured image. The field emission device can then become a
lightweight electronic display device which is optically transparent, shock-proof and

mechanically flexible.
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