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Introduction



Abstract

This chapter presents an overview of various applications, physical and chemical properties of
metal-oxide nanostructures with particular focus on ZnO. The hydrothermal route for synthesis of
nanostructures is discussed. Based on the literature, applications of ZnO nanostructures in self-
cleaning, surface enhanced Raman scattering and photoluminescence are reviewed. Finally,

motivation of the present work based on research gaps and objectives of the thesis are presented.



1. Background

In the past few years, the study of nanostructured materials has become highly popular in physics,
chemistry, engineering and biology [1-3]. These materials are geometrical entities with a defined
shape having nanoscale dimensions (1-100 nm). According to the dimensions, nanomaterials are
classified into 4 types of materials: Zero (0-D), One (1-D), Two (2-D) and Three —dimensional (3-
D) [4]. The most common examples of 0-D nanomaterials are quantum dots [5]. 1-D nanomaterials
have only one parameter such as length or breadth in the range of 1-100 nm like nano tubes, nano
rods, nano wires, nano belts, nano fibers. They are popular due to their unique physical properties
and applications in nanoscale electronics, optoelectronics, nano composites and alternative energy
sources. 1-D nanostructures such as p-n diodes, light emitting diodes (LED’s), ultraviolet (UV)
detectors, field-effect transistors (FETS), single nanowire solar cells, chemical sensors and
integrated nanowires devices have been developed [6-8]. 2-D nanomaterials are generally single
layer materials such as nano layers, nano coatings, semiconductor thin film devices and also optical
films. 3-D nanomaterials are not confined to the nanoscale in any dimension such as bulk single

crystal of silicon material [4, 8]. In this thesis the focus is on 1-D nanomaterials.

1.1 Metal oxide based nanostructured materials

Metal oxide nanomaterials show good performance compared to their corresponding bulk
materials due to high surface to volume ratio and confinement effects resulting from the nanoscale
dimensions [9]. In technological applications, these materials are used in the fabrication of
microelectronic circuits, piezoelectric devices, film coatings as passive structures against surface
corrosion, fuel cells and as catalysts. In nanotechnology, the main objective is to grow nano-arrays
or nanostructures with exclusive properties compared to single particle species or bulk. Oxide
based nanoparticles show unique physical, mechanical and chemical properties because of size
dependence and high density of edge surface sites [10]. Oxide nanomaterials play an important
role in various applications like gas sensors, photovoltaics, and photonic devices. Metal oxide
nanostructures have guided a revival of interest in them for a wide range of applications in energy
conversion and storage [11], harvesting such as Li-ion batteries [12], surface plasmon resonance
in noble metal nanoparticles and enhanced band gap due to quantum confinement effect in
semiconductor nanomaterials. Some of the most commonly used metal oxide nanomaterials are
Zinc Oxide (ZnO), Tin Oxide (SnO2), Indium Oxide (In203), Titanium dioxide (TiO.), Copper



Oxide (CuO), nickel oxide (NiO), and Iron oxide (Fe3O4). These metal oxide-based nanostructures

have been prepared by different methods which are discussed in the next section.

1.2 Synthesis of nanomaterials
Two main approaches for the synthesis of nanomaterials and fabrication of nanostructures are
known: (i) Top-down and (ii) Bottom-up approach.

(i) Top-down approach

This approach involves the breaking-down the bulk size of material into microstructures, nano-
sized structures and particles. These methods remove thin layers and particles of bulk solid
materials using techniques like ball milling and lithography as shown in figure 1.1. The main
disadvantage in this approach is that it requires extensive post-process to achieve the desired
dimensions, making it very expensive. However, the precise control over dimensions is very

attractive for many applications.

(if) Bottom-up approach

This approach involves the building of a material from the bottom level: atom-by atom, molecule-
by-molecule, or cluster-by cluster. Bottom- up approach has the potential of being more
economical and creating less waste than top-down approach. Hydrothermal synthesis,
organometallic chemical route, reverse-micelle route, sol-gel synthesis, template assisted sol-gel,
and electrodeposition colloidal precipitation are some of the popular bottom-up approach
techniques. Schematic representation of bottom-up approaches for growth/synthesis of nanoscale
materials shows in figure 1.1.

The synthesis of nanostructured materials with pre-defined shape, size, morphology, and
composition is one of the most major challenges in the both approaches. Depending on the
application a number of techniques have been explored such as thermal evaporation [14-16],
hydrothermal synthesis [17-19], metal organic and chemical vapor deposition [20-21], template-
based synthesis [22-23] can be used. Synthesis of these materials result in different kinds of
nanostructures such as nanorods, nanowires, nanoparticles, nanobelts, nanoflowers, nano-rings,
nanotubes, nanosheets, nano-combs, nano-spirals, and nano-springs, [24-25]. The present work
focuses on 1-D nanowires due to the very large range of applications in optical and optoelectronics,

solar cells, sensors and self-cleaning applications.
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Figure 1.1: Schematic diagram of Top-Down and Bottom-up approaches [13].

1.3 Growth techniques

Methods of nanostructured material synthesis may be grouped into two broad categories based on:
1. The liquid-solid [26] and 2. Gas-solid [27] transformation based techniques. The liquid-solid
transformation techniques include hydrothermal processes, electrodeposition, and sol-gel
synthesis. Chemical vapor deposition (CVD) using catalyst metals, chemical vapor transport,
reactive vapor transport, carbothermal reduction, laser ablation, thermal evaporation and thermal
decomposition, chemical beam epitaxy (CBE) come under gas-solid based transformation
techniques [28]. Liquid phase techniques generally make use of templates for producing 1-
Dimensional materials. However, techniques without use of templates are also being developed.

A detailed overview of these techniques is shown in figure 1.2.

1.3.1 Liquid-Solid transformation based techniques
There are a number of approaches for nanorods/nanowires synthesis using liquid-solid
transformation techniques. These can be classified into two sub-categories: (i) template based and

(i) template free approaches.

(i) Template based methods
These kinds of methods require the use of a basic template to guide the growth of 1-D
nanostructures. There are three types of templates: Surface step, positive template and negative

template types [28].
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Figure 1.2: Summary tree chart of various growth techniques for 1-Dimensional nanomaterials
(wires, rods, tubes) from the gas phase and solution [28].

Among the three, the most common is the negative template method used in chemical vapor

deposition, electro deposition and sol-gel methods.

(if) Template free methods

In the template based methods, the growth of 1-Dimensional nanowires/nanorods is followed by
template and growth depends mainly on the boundary between bulk liquid and template, which
occupies a small fragment of total system volume. In contrast, nanowire synthesis using template-
free methods from solutions can create conditions to promote 1-D growth from the entire bulk
liquid. These conditions are available in methods such as hydrothermal synthesis, using surfactant
or catalyst seeds and sono-chemical growth, using stirring and ultrasound. In the present thesis,



the focus is on hydrothermal synthesis and the role of catalyst seed layers in the growth of

nanostructured materials.

1.4 Hydrothermal synthesis of nanostructured materials

1.4.1 Introduction

The search for a nanomaterials synthesis method which has easy operation, low pollution, low
production cost and excellent product performance has been going on many years [29-31]. The
focus is mainly on liquid phase method including the sol-gel process [32-34], Hydrothermal
Synthesis method [35-37], colloidal, and precipitation methods [38-41]. The main advantages of
these methods are simple synthesis process, convenient operation, and controllable particle size.
The term “Hydrothermal” means a system of water pressure and high temperature. Hydrothermal
synthesis includes the growth and crystallization of a material in a high-temperature aqueous
solution of soluble metal-organic and metal salts at high pressures.

The hydrothermal method is a soft chemical synthesis process simulating the process of ore
formation in nature. It is used to fabricate single crystals to prepare less or ultrafine agglomerated
crystallites as nanomaterials at a relatively low temperature. In recent days, the technology of
hydrothermal synthesis has found its place in variety of science and technology branches as shown
in figure 1.3. Hydrothermal synthesis is divided into two categories: Normal Hydrothermal and

Microwave Hydrothermal synthesis.

Physics

Earth Science

~ ”
r ~
L e

Metallurgy

Figure 1.3: The Hydrothermal technology in different fields.



1.4.2 Normal Hydrothermal method

In the normal hydrothermal method, the aqueous solution is placed in an autoclave reactor at
temperatures between 90-200 °C and at pressures higher than atmospheric for different time
duration. At different temperatures employed in the closed reaction vessel, the higher pressure
preventing aqueous solution evaporation. Usually, an autoclave is a closed cylindrical steel
pressure vessel capable of withstanding high pressures and high temperatures for prolonged time
duration and is also inert to the aqueous solution. The inner lining of the steel is pressure vessel is
made up of different materials such as quartz, Teflon and glass depending on requirement. The
vessel has two ends, one of which is closed while the other end is open. The aqueous solution is
poured into the autoclave from the open end after which it is closed tightly with cap. The
temperature gradient is maintained between the two ends wherein one end is the hotter zone and
other end is the cooler zone. The hotter end also denoted as nutrient zone will create solute
dissolution. In contrast, the cooler zone also denoted as growth zone is where the precursor is
deposited on seed crystal leading to the growth of the desired crystal. The supersaturated solution
of precursor gives precipitation which is useful for growth to occur. The general processing steps
of the normal hydrothermal method are shown in Figure 1.4.

Solution ageing

4

Transfer the solution into the reactor for
Hydrothermal treatment

. 2

Washing, filtering, (Centrifuging)

. 2

Drying, (Calcination)

4

Product

Figure 1.4: The general processing steps of the Normal hydrothermal synthesis [42].
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1.4.2.1 The crystal growth mechanism and reaction kinetics in the hydrothermal method

Under hydrothermal conditions there are four main steps of crystal growth which are (1) the
reactants are dissolved in the solution in the form of molecular groups or ions. (2) the molecules
or ions are separated between the hotter zone and cooler zone portions of the autoclave by
temperature difference. At the low temperature region the molecular groups or ions are transported,
where the growth of the seed crystal forms a supersaturated solution. (3) at the growth interface
the molecular groups or ions are decomposed, adsorbed, and desorbed. (4) Finally, at the interface
the adsorbed material moves and the dissolved matter crystallizes. Significantly, under different
hydrothermal conditions, the same crystals show different morphologies. Therefore, it is most

important to study the crystal growth mechanism in hydrothermal synthesis [43-44].

1.4.2.2 The role of water in hydrothermal synthesis

In the hydrothermal reactions water participates as a chemical component or as a reaction
accelerator or it can be a solvent [45]. Water will create the following variation at high-pressure
and high-temperature: (a) an increase in temperature and pressure instantly, rapidly increasing the
ionic product. Therefore, the ion reaction and the hydrolysis reaction rates will increase under
high-pressure and high temperature. (b) Increase in the temperature decreases the surface tension
and viscosity of water. Due to decreased viscosity of water, the movement of ions and molecules
significantly increases, compared to other conditions. Hence, the crystals grow more quickly under
the hydrothermal system. (c) The dielectric constant of water is strongly influenced by temperature
and pressure. The dielectric permittivity decreases with increasing temperature and increases with
increase in pressure. Therefore, at a fixed pressure the reaction is mostly influenced by temperature
and the dielectric permittivity of water at that temperature. (d) The dielectric constant viscosity,

solubility, diffusion coefficient of precursor in water are also important.

1.4.2.3 The role of Mineralizer hydrothermal synthesis

One of the major disadvantages of using water as the solvent is the low solubility of precursor in
water, even at high temperature. To enhance the solubility and increase the rate of crystal growth,
a mineralizer is used. Generally, mineralizers are a class of compounds such as low melting salts,
bases, and acids. Suitable mineralizers increase solubility and also change the temperature

coefficient of solubility and accelerate the nucleation rate of crystal [46-49]. Examples of



commonly used mineralizers are HMTA, KOH, NaOH, NHs, and NH4OH. A Schematic diagram

of the hydrothermal reactor is shown in figure 1.5.
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Figure 1.5: Schematic diagram of closed vessel hydrothermal Reactor (Autoclave).

1.4.3 Microwave hydrothermal method

A major disadvantage of normal hydrothermal synthesis is the slow kinetics of chemical reactions
and high temperatures (>120 °C) required to grow nanostructures. To overcome these problems,
microwave hydrothermal synthesis method was developed. In the microwave hydrothermal
method high power and rapid heating is used to reduce reaction times and temperatures as
microwaves directly transfer heat to the reactants whereas in normal hydrothermal method, heat

transfer is by convention.

1.4.3.1 Reaction Mechanism of Microwave hydrothermal method

The frequency at which microwave hydrothermal synthesis is carried out is 900 MHz - 2.45 GHz.
When microwaves irradiate a material surface, a small part will get reflected. Most of it can pass
through the material or is absorbed by it. The absorbed component of microwave radiation is

10



converted into heat energy. The reaction mechanism mainly depends on the interaction between
the material and microwaves, in microwave heating. The material particles can be polarized under
the electromagnetic field. This polarization can be atomic, electronic, space charge polarization,
and orientation polarization. Newalkar et al. [50] demonstrated that the microwave hydrothermal
method is a more advantageous approach for making nanophase materials with different shapes,
sizes in addition to being environmentally friendly and saving energy. Furthermore, the microwave
hydrothermal synthesis method has attractive characteristics such as sensitive reaction, uniform
heating system, and a fast heating speed. These characteristics can rapidly produce nanoparticles
with consistent morphology and a narrow particle size distribution [42, 51].

A schematic view of the process of nanorod arrays synthesized by microwave hydrothermal

method is shown in figure 1.6.
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Figure 1.6: ZnO nanorod synthesized by hydrothermal method assisted by microwave
radiation [51].

1.5 The role of seed-layer in hydrothermal method

Several synthesis methods have been utilized for the growing nanowires and nanorods such as
vapor phase transport [52], metal-organic chemical vapor deposition [53], electrochemical
deposition [54], Normal hydrothermal synthesis [55], and microwave hydrothermal synthesis [51].
The growth of nanorods and nanowires is mainly affected by various parameters such as the
concentration of precursor salts, reaction agents, growth temperatures, pH, and growth time. These
parameters are useful to control the morphology of nanostructures. However, it is also reported

that the seed layers are a suitable catalyst for the development of nanowires and nanorods. Seed
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layers are metal-oxide and metallic seed layers such as ZnQO, In2,0z, SnO2, In, Sn and Au. The seed
layer of crystalline quality firmly controls the quality of structural nanowires and nanorods. The
nanoparticle size on the seed layer in turn influences the size of nanorods and nanowires. The
presence of seed layer materials has enhanced the capability of growing of nanowires and nanorods
by hydrothermal synthesis. These seed layers mainly catalyze and control the dimension, shape,
size, and growth [51, 56]. However, the role of seed layers in the growth of nanowires and
nanorods is not completely understood. Therefore, in this thesis, different seed layers are deposited
on glass substrate and their roles in determining the growth of nanostructures are investigated.
Many other chemical and physical techniques such as vapour-phase, solution-liquid-solid, vapour-
liquid-solid and vapour-solid growth, and physical vapor deposition techniques (Thermal
evaporation, pulsed laser deposition, sputtering technique, chemical vapor deposition, and
molecular beam epitaxy) are also used to for producing nanostructured materials [57-71].

1.6 Nanostructures based on Metal oxides

As stated earlier, metal oxide materials are more attractive in all functional applications. They have
a wide variety of exciting mechanical, optical, magnetic, electrical, and other properties. The metal
oxide nanostructures have potential applications in self-cleaning, optical and optoelectronic
devices, molecule detection by surface-enhanced Raman scattering, solar cells and sensors. There
are many metal oxide materials researched for applications in nanotechnology and nanostructured
devices. One of the most popular multifunctional metal oxide material is Wurtzite zinc oxide
(Zn0O) and, therefore, it has been selected as the material for investigation in the present thesis.
Some of the properties of ZnO are discussed in the next sections.

1.6.1 Overview of ZnO

ZnO is a II-VI group compound semiconductor material with a direct wide-bandgap of 3.33 eV
and is transparent in the 400-700nm wavelength range with large exciton binding energy (60 meV)
[72-74]. ZnO has interesting optical, mechanical, electrical, and structural properties. The band
gap in the UV and blue region of wavelengths makes it suitable for optoelectronic devices. ZnO
exhibits defects like zinc interstitial, zinc vacancies, oxygen vacancies and oxygen interstitials.

These properties are useful for fabricating electrodes, LEDs, sensors, and solar cells.
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1.6.1.1 Properties of ZnO

(i) Crystal structures

ZnO typically has three crystalline structures: (a) Hexagonal wurtzite, (b) cubic zinc blende-type
structure, and (c) rock salt structure (This structure is observed only under high pressure). Wurtzite
structure and cubic zinc blende structures of ZnO possess sharp polar symmetry with hexagonal
axes. The commonly observed structure is the hexagonal wurtzite form and it is more stable in
ambient conditions. The wurtzite structure has space group (Cémc) and lattice parameters a =
0.3296 and ¢ = 0.52065 nm. The tetrahedral unit of the wurtzite structure has Zn cations and O>
anions. This structure consists of a number of alternating planes that are tetrahedrally- coordinated
with Zn?* and O ions alternately stacked along the c-axis [75-77]. The ZnO crystal structures are

shown in figure 1.7.

. === Black spheres . ===) Shaded gray

Figure 1.7: Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt, (b) cubic
zinc blende, and (c) hexagonal wurtzite. The shaded gray and black spheres denote Zn and O
atoms, respectively [73].

(i) Mechanical and thermal properties of ZnO
Compared to other metal oxides Zinc oxide is very soft with a hardness value of 4.5 Mohs scale.
ZnO has good heat conductivity, high heat capacity, high melting temperature and low thermal

expansion. These properties are useful for ceramic applications [72].
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(iii) Optical properties of ZnO

ZnO is a direct wide-bandgap semiconductor with value of 3.33 eV, large exciton binding energy
(60meV), large refractive index and high transparency in the visible region. These properties lead
to luminesce in the range of near UV (380 nm). ZnO shows three photoluminescence peaks; a red
emission around 650 nm, a green emission near 510 nm and UV near band-edge emission peak
near 380 nm [78-80]. In addition, deep-level emissions in the green zone show a broad band
emission from 505 to 550 nm which are assigned to defects, Zn interstitials, Zn vacancies, oxygen

vacancies and oxygen interstitials [81].

(iv) Electronic properties of ZnO

ZnO has a piezoelectric coefficient of 1.29 C/m? which makes it suitable for piezoelectric
applications that require large electro mechanical coupling [72]. The wide-bandgap enables it to
sustain high electric fields leading to the possibility of high-temperature operation and lower

Table-1: The physical properties of ZnO.

Chemical formula
2 Molar mass 81.4084g/mol
3 Appearance Amorphous white solid
4 Density 5.606g/cm?
3 Odor Odorless
6 Boiling point 2360 °C
7 Melting point 1,975 °C
8 Band gap 3.37 eV (direct)
9 Solubility in water 0.16mg/100 mL
10 Refractive index 2.0
Structure
11 Crystal structure Waurtzite
12 Space group Cy,*-P6sme
13 Lattice constant a=0.32nm, ¢c=0.52 nm
14 Coordination geometry Tetrahedral
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Electronic noise. One of the disadvantages of the ZnO is that it is challenging to produce p-type

ZnO. The physical properties of ZnO are briefly presented in table-1.

1.7. Applications of ZnO

ZnO has many applications out of which three are discussed (1) Self-cleaning applications (2)
Surface-enhanced Raman scattering (SERS) and (3) photoluminescence. These applications are
focused upon in the present thesis.

1.7.1 Wettability studies and Self-cleaning applications

There is a lot of interest in studying the wettability of surfaces by liquids inspired by many water
repellent properties of surfaces in nature, such as rice leaves, lotus leaf and animal skin. Wettability
is a surface property that exploits the interaction between a liquid and a solid surface. It is
dependent on many properties like surface roughness, surface energy, surface tension, and nature
of liquids. This process is recorded by measuring the contact angle between the liquid droplet and
solid surface. The wetting mechanism has two interactions: cohesive interactions and adhesive
interactions which explain about the behavior of fluids on the solid surface and the interactions of
solid-liquid and liquid-liquid. The classification of these interactions is presented in table-2. The
wetting property of a surface is measured by the contact angle (CA).

If the contact angle is > 90° then the surface is called hydrophobic while, if it is < 90° the surface
is of hydrophilic nature. If the contact angle is > 150° the surface nature is super-hydrophobic, and
when the contact angle < 10°, the surface nature is super- hydrophilic. The best example for the
super hydrophobic surface is lotus leaf in nature. In this, the micro/nanostructures on the surface
capped by hydrophobic wax crystals leads to smaller contact area in between lotus leaf and water
droplet resulting in super-hydrophobic behavior. Surface wettability studies are useful for self-
cleaning applications in industrial and daily life such as textiles, roof tiles, car mirrors, solar cells,

utensils, interior furnishing materials and interior furnishing materials [82-84].
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Table-2: Wetting classification in liquid-liquid and solid-liquid interactions.

1.7.2 Influence of surface roughness on wettability

The contact angle is given by Young’s equation.

coso=YSv—YsL (1.01)
YLV

Where,

0 =Contact angle

Yy =Solid-vapor interfacial tension.
Y5, =Solid-liquid interfacial tension.

Y\, v =Liquid-vapor interfacial tension.

The three interfacial tensions through Young's equation are measured by the tangent angle at the
base of the liquid droplet. The surface wettability is not only dependent on the chemical
composition but also depends on the surface roughness. Two other models, Wenzel model
(equation (1.02)), and the Cassie-Baxter model (equation (1.03)) have also been developed to

describe the wettability of rough surfaces.

Cos 0B, =1y, W = rycosby — (1.02)
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Where, rw is the Wenzel’s roughness factor.

cosOcg = (r¢fcosOy + f—1) —» (1.03)

Where, 0v is the Young contact angle, f is the fraction of the projected area of the solid surface
that is wetted by the liquid and r is the roughness ratio of the wetted area.

In the Wenzel model, the liquid droplet interacts at all points on the solid surface and assumes
homogeneous microstructure on the solid surface. In the Cassie-Baxter process, the liquid droplet
perfectly sits on the surface protrusions, and this method reveals the understanding of the role of a
heterogeneous surface structure on the wettability. Although these methods demonstrate the
behavior of liquid droplets on composite solid surface and vapor state, they are useful to illustrate
the study of wettability behavior [82,85-87]. One of the important wettability phase transition is
the reversible transition (metastable to stable). The transition state happens from Cassie—Baxter to
Wenzel state or Wenzel state to Cassie—Baxter state. In this process, the liquid droplet cannot sit
for a long time on the surface protrusions due to the energy barrier and thermodynamic parameters
such as pressure, temperature other external forces (like an electric field). Therefore, the
wettability transition is reversible [88-94].

Metal oxide materials have an exciting role in self-cleaning applications. The self-cleaning
mechanism process was based on the photocatalytic and photo-induced hydrophilicity nature of
thin-film and changing structural properties on the surface. If UV radiation is incident on the metal-
oxide nanostructured layers (on the surface) or if they are stored in dark, the wettability property
changes from hydrophobic to hydrophilic nature and hydrophilic to hydrophobic. Thus, wettability
displays a reversible transition. Application of UV irradiation on these metal-oxide surfaces
creates holes and electrons. The surface trapped electrons generated due to collision between metal
and electrons results in the binding energy decrease between the oxygen atom and metal. In this
process, lattice oxygen and holes are generated because of oxygen ion vacancy. The oxygen ion
vacancy is useful for hydroxyl absorption. After UV exposure on metal-oxide nanostructure
surface, the substrate changes into hydrophilic nature. If the oxygen replaces the adsorbed
hydroxyl ions there is a transition from hydrophilic to a hydrophobic state [95-98]. A schematic

diagram of self-cleaning surfaces is shown in figure 1.8.

17



[ ]
Super Hydrophobic (N Iexadiation) , T
» > Super Hydrophilic
Phase Ph
< ase
l (Dark Storage) —
[ (UV Irradiation)
) . Mimicking rough surface \ /
Roughening the existing low and altering the surface
surface energy material with low surface energy
material » Metal Oxides (Such as ZnO, SnO,, TiO,,
ﬁ ¢ and etc.)
. » Metal oxide- Metal or Non metal
» Etching > Silicones (PDMS) \:> doping
> ElectrosPlnnlng » Teflon » Metal oxide- Polymer nano composite
» Decorating > Self-assembled
nanoparticles in monolayer
[ fibers/polymers

Figure 1.8: Schematic diagram of self-cleaning surfaces by various methods [82].

1.8. Surface-Enhanced Raman Scattering (SERS) application of ZnO

Surface-enhanced Raman scattering (SERS) plays a significant role in chemical and biomolecular
sensing at the trace level. In this technique, analytes are adsorbed onto metal nanostructures (e,g.
Ag, Au, and Cu). These metal nanostructures can enhance weak Raman signals by coupling with
the excitation wavelength, which is in the visible range [99-100]. These is due to the presence of
localized surface plasmon resonance (LSPR) of metal nanoparticles at the excitation wavelength.
Mainly, the LSPR is dependent on the dielectric environment, size, and shape of the metal
nanoparticles and these parameters can be used to control the enhancement of SERS signal
intensity [101].

SERS is a surface sensitive technique for detecting single molecules and trace level detection of
various analytes on the surface [102-108]. It is the most sensitive technique for explosive-agent
detection [109], environmental monitoring, glucose sensing [110], stimulant detection of chemical
warfare [111], the monitoring of heterogeneous catalytic reactions [112-113], corrosion, bacterial

detection and detection of bio-molecules [114-121].
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1.8.1 Surface-enhanced Raman scattering (SERS) mechanisms of Enhancement

There are two main mechanisms of enhancement of signals in SERS: (1). Electromagnetic
enhancement and (2) Chemical enhancement. It has been shown that electromagnetic enhancement
is due to the excitation of localized surface plasmons of the metal nanoparticles. The chemical
enhancement effect attributes the SERS effect to the charge transfer from the adsorbed molecule
to the surface [122].

Mechanism

of SERS By Electromagnetic

By Chemical Effect Effect

Change of inside
polarizability

Plasmon
oscillation

The charge transfer from Metal
surface to adsorbed molecules leads
to resonant effect

The roughness of metal surface
exhibits a local enhancement

SERS Effect

Figure 1.9: SERS Effect in chemical and electromagnetic process.

It is reported that a dominant contributor in Surface-enhanced Raman scattering processes is the
electromagnetic enhancement mechanism. The electromagnetic radiation interacts within the
crevices, gaps, and sharp features of plasmonic nature materials such as Au, Ag, and Cu [123-
124]. Many groups theoretically calculated electromagnetic enhancement factors for SERS can be
as large as 10'° — 10! [125-126]. The theoretically calculated chemical enhancement factors for
SERS are is around 102 [127-129]. It is thus inferred that electromagnetic enhancement is a much
stronger effect than chemical enhancement. Brief details of the mechanisms are shown in figure
1.9.
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1.9 Photoluminescence

When an incident beam of photons interacts with a sample surface, the light is absorbed and
imparts the additional energy into the material in a process termed as photo-excitation. The
material can dissipate this excess energy through the emission of light by a process called
photoluminescence. The schematic diagram of Photoluminescence spectrometer shown in figure
1.10. The wavelength of emitted light is proportional to the difference in energy levels between
the two electronic states that take part in the transition between the higher energy and low energy
states [130].
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Figure 1.10: Schematic diagram of Photoluminescence spectrometer.

Photoluminescence (PL) spectroscopy is a sensitive non-destructive method for characterizing
inorganic and organic materials such as semiconductors and insulators. The PL spectra from a
semiconductor can be analyzed to determine the electronic bandgap.

Significantly, the radiative transitions in semiconductors arise from local defect levels. The PL
energy associated with these levels is used to identify specific defects and their concentration.
Photoluminescence spectroscopy is routinely applied to microscopic imaging in single molecules
and biological environment, for example, fluorescent dye molecules nanoparticles or quantum
dots. Furthermore, the PL spectroscopy of various nanomaterials is of scientific and industrial
interest because it is essential for the development of display panels in electronic equipment, light-
emitting diodes, fluorescent lamps, scintillation detectors, thermoluminescence dosimeters, bio
sensors, paints, inks and dyes [130, 131-138].
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1.10 Motivation

Nanostructured materials and devices are, thus, of interest due to the wide variety of applications
and insights into the science of nanoscale behavior they provide. It appears that one of the most
popular materials for applications at the nanoscale is ZnO because of the ease with which it can be
synthesized and many attractive properties. These properties, in turn, lead to a large range of
optical, optoelectronic, electronic, energy harvesting, photocatalytic and sensing applications.
Vertically aligned ZnO nanowires are of great technological interest. Physical techniques of
fabricating vertically aligned ZnO nanostructures use expensive lithographic methods that also
suffer from limitations of scale-up. In contrast, chemical methods can be employed for fabrication
on large areas more easily and at lower cost. [139-148].

A facile and cost-effective method for the synthesis of ZnO nano/micro-rod arrays (NMRAS) is
the hydrothermal process [149-153]. Xu et al showed the importance of growth time, concentration
and temperature on the dimensions of the nanorods [154]. Similarly, Boercker et al [155] and
Tsangarides et al. [156] synthesized hydrothermally processed ZnO nanowires on ZnO platelets
and ink-jet printed Zinc acetate dihydrate layers, respectively. This study demonstrated the role of
the seed layer. There are other studies on growth patterns of ZnO nanowire arrays and their
dependence on seed layers as well as promoters such as NH4sOH, KOH, NaOH and NH3 [149-
159]. Majority of the work focuses on ZnO seed layers. However, there are reports of seedless
growth, i.e. on layers other than ZnO. For example, Wen et al [159] grew ZnO nanowire arrays on
patterned metal surfaces to achieve vertical alignment and application as electrochemical switch.
Geng et al. [160] grew vertically aligned ZnO NMRAs on e-beam evaporated Ag and ZnO seed
layers. The motivation for the present work is the fact that hydrothermal processing of ZnO on the
metal or metal oxide seed layers leads to vertical alignment.

The fabrication of ZnO based homo-junctions for light emitting diodes has been of interest [160,
161-173]. Sun et al. observed good light emission properties in a homo-structure comprising p-
ZnO film/n-ZnO nanowire with turn-on voltage of 8V. Su et al. demonstrated that homo-junctions
of Sb doped ZnO nanowires on single crystal Ga doped ZnO substrates display a low turn on
voltage and sharp near band edge emission. Kampylafka et al. fabricated p and n-type ZnO thin
film homo-junctions with turn-on voltage of 1.5 V and transmittance of 75-85 %. Baek et al.
fabricated, hydrothermally synthesized, Sb doped ZnO nanorod array-based homo-junctions for

LED applications. The turn on voltage was 3.7 V with a near band edge emission accompanied by
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a peak centred around 730 nm. These examples indicate that homo-junctions possess several
advantages over more conventional hetero-junctions due to the ease and few number of steps of
fabrication and control over growth patterns. As a result, they continue to generate interest for
applications. However, there are only a few reports on the use of ZnO nanowire based homo-
junctions on thick ZnO films for luminescence applications.

In earlier work, by our research group, it was demonstrated that thermal oxidation of Zn-In and
Zn-Sn bilayers leads to the formation of horizontal and doped ZnO nanowires [174]. Therefore,
the possibility of using In and Sn as seed layer thin films for the growth of vertically aligned ZnO
nano/micro rods is studied in the present work. In and Sn, both, possess several advantages like
low melting point, ease of deposition by thermal evaporation and crystallization at room
temperature which may accelerate the crystallographic evolution of ZnO.

Hydrothermally grown ZnO nanowires by seeded or seedless techniques find applications as active
materials for gas sensing, photo-catalysts and Light emitting diodes [139-148]. An application that
has attracted attention is the self-cleaning property of ZnO nanowire arrays. Li et al [175]
fabricated ZnO nanowire arrays on AZO/FTO and FTO thin film coated substrates and
demonstrated superhydrophobic behaviour. Shape controlled wettability (hydrophobic or
hydrophilic) of ZnO nanostructures was shown by synthesizing them in the form of solid or hollow
flower-like structures [176]. Microflowers, nanorods, microspheres synthesized under similar
conditions also exhibited variations in water wettability [177]. It is also indicated that roughness,
in addition to shape, of the ZnO nanorods on Si substrate influence the wettability behavior [178].
The addition of SiO- thin films on ZnO nanoflakes controlled the wettability and the contact angle
did not change even after 40h of UV exposure [179]. ZnO nanowires on soft surfaces such as fibers
and cellulose are also interesting from a wettability perspective [180-181]. Our research group
have also shown the reversible wettability transitions of ZnO nanowires and nanorods under UV
irradiation [168, 182]. The focus of work in this area, evidently, remains on controlling the
wettability by changing the shape, dimensions, inter-wire/rod spacing and surface roughness of
the nano/micro-rod arrays (NMRAS). There has been some interest in controlling the reversible
wettability by tailoring the concentration of defects such as oxygen ion vacancies in metal oxides
[183-184]. The change in wetting state is due to adsorption of hydroxyl radicals in vacancy sites
[185]. On ZnO surface, doping with metal, forming a heterostructure with another material,

variation in annealing temperature were adopted to alter the surface oxygen vacancies [186-203].
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A motivation of the current study is, therefore, to fabricate ZnO nano/micro rod arrays (NMRAS)
by hydrothermal synthesis on different metal and metal oxide seed layer thin films to investigate
the effect on the wettability of the arrays. The metal layers are Au, In, and Sn and the oxide layers
are In203, SNO/SnO2 and ZnO. The In and Sn oxides are prepared by post-deposition annealing of
the corresponding In and Sn films. In contrast, the ZnO films are prepared directly by thermal
evaporation of a ZnO source, followed by annealing. The study of (1) hydrothermal growth of
ZnO nanostructures on non-patterned as-deposited and annealed In and Sn seed layers and (2) their
wettability and wettability transitions under UV irradiation has not been reported earlier.
Hydrothermal synthesis provides the possibility of realizing the nanostructures at low temperatures
of the order of 90°C. However, the requirement of a seed layer and the slow kinetics are often cited
as limitations of the process. The use of ZnO itself as a seed layer is an approach that alleviates
the problem. Metals such as Au have also been used as seed layers to produce vertically aligned
nanowires and nanorods [150, 204-210]. The slow Kinetics, that necessitates processing for long
durations of time of the order of several hours, is overcome by carrying out the process at high
temperatures of the order of 150°C or using microwave assisted hydrothermal synthesis. The latter
approach not only reduces the duration of the process of nanostructures but also the temperature
at which it is carried out [211-224].

Hence, another motivation of the present work is to investigate both these issues. In normal
hydrothermal synthesis it was found that shorter duration and lower temperature processing does
not lead to formation of nanostructures. Hence, in this work, the effect of microwave assistance
during hydrothermal synthesis on the formation of ZnO nanostructures on ZnO films is
investigated. The synthesis temperature and duration are fixed at 90°C and 30 min, respectively.
The ZnO nanostructures are also grown on 100 nm thickness Au films to compare and understand
the role of the surface of the films on the nanostructuring process. A third experiment conducted
is to study the role of precursor i.e. zinc acetate or zinc nitrate on the shapes of the nanostructures.
A possible mechanism for the growth patterns observed and the role of each processing variable
in determining them is also presented. As stated earlier, Surface enhanced Raman scattering
(SERS) and Surface enhanced resonance Raman scattering (SERS) are important probes for the
detection of chemical and biological molecules. Enhancement of the Raman signals is obtained by
decorating surfaces with Au, or Ag nanoparticles. Most of the SERS enhancement occurs in the

top layer of the nanostructured metals. Therefore, the approach is to employ metal nanoparticle
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decorated surfaces wherein LSPR can be tuned by varying the shape, size and inter-particle
distance [225-234]. Recent work has shown that titanium nitride (TiN) thin films display a strong
absorption peak that can be attributed to plasmonic resonance at approximately 530 nm, which is
very close to that of Au nanoparticles [235-236]. TiN thin films and nanostructures can, as a result,
be used as SERS substrates which demonstrated by the detection of molecules such as R6G [237-
244]. Complex processing techniques such as sputter deposition are required to produce the
reported materials. It is quite well-known that TiN has numerous sub-stoichiometric compositions
and the growth of the stoichiometric form requires precise process control [245]. Thus, while the
promise of TiN for SERS applications is established, previous work also points to the need for
different techniques to expand the applicability. The motivation of the current work is, therefore,
to overcome the issue of non-stoichiometry by producing nanoparticles from commercial
stoichiometric TiN powders and grinding them for several hours to produce nanoparticles. They
are then dispersed in acetone and drop cast on hydrothermally synthesized ZnO nanowire arrays.
Decoration of the ZnO nanowire arrays with TiN nanoparticles takes place at room temperature.

This novel approach is used to demonstrate proof-of-concept application as SERS substrates.

1.11 Objectives
The objectives of the present work formulated based on the research gaps are
1. Investigate the role of precursors, temperature and duration of processing, and seed layers
(Zn0O, Au, In, Sn, In203 and SnO) on the growth of ZnO nanostructures.
2. Establish the role of process parameters and surface conditions in the growth of vertically
aligned ZnO nanowires and nano/ micro rods by hydrothermal synthesis.
3. Compare the normal and microwave-assisted hydrothermal processes for the growth of
Zn0O nanostructures
4. Demonstrate the control of photoluminescence behavior of ZnO nanostructures grown by
hydrothermal synthesis.
5. Demonstrate the use of ZnO nanostructures for wettability and self-cleaning applications
6. Demonstrate the use of Titanium nitride (TiN) nanoparticle decorated ZnO nanostructures

for sensing applications by the surface enhanced Raman scattering process.
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1.12 Thesis organization

The remainder of the thesis is organized as follows

R/
L X4

X/
°e

X/
°e

Chapter-2: Materials: processing techniques, parameters and characterization.
Chapter-3: Deposition and characterization of seed layers.

Chapter-4: Comparison of growth of ZnO nanowires/ nanorods by conventional and

microwave hydrothermal synthesis.

Chapter-5: Effect of different metal and metal oxides seed layers on the growth and
wettability of ZnO nano/ microstructures.

Chapter-6: Application of Titanium nitride nanoparticle decorated ZnO nanowires as
surface enhanced Raman scattering substrates.

Chapter-7: Summary, Conclusion, Scope for future work.
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Chapter

Materials: processing techniques,
parameters and characterization
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Abstract

In this chapter, the techniques used to process the different materials studied in the present thesis
are described. The methodology of varying the parameters related to each process and techniques
for characterization of the samples are also presented. The process of synthesizing ZnO
nanostructures involved two steps: (1) deposition of seed layer by thermal evaporation and (2)
hydrothermal synthesis of ZnO on the seed layer thin films. The seed layer thin films of Au, In,
Sn and ZnO are deposited on glass substrates by thermal evaporation. The ZnO nanostructures are
obtained by changing the precursor, temperature and duration of hydrothermal processing. The
obtained materials are characterized by x-ray diffraction, field emission-scanning electron
microscopy, energy dispersive x-ray spectroscopy, transmission electron microscopy, UV-VIS-
NIR spectrophotometry, Raman spectroscopy, Photo Luminescence spectroscopy and contact

angle meter.
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2.1 Background

As stated in the introduction chapter, the aim of the present thesis is to study the role of seed layers
on the growth of ZnO nanostructures synthesized by the hydrothermal process. Another objective
is to investigate the potential of these ZnO nanostructures for photoluminescence, wettability and
surface enhanced Raman scattering applications. For this purpose, based on literature, the steps

given below were followed

1. Seed Layer deposition: The seed layers selected were Au, In and Sn as the metals and
In203, SNO/SnO, and ZnO as the oxides. Thermal evaporation was selected as the
deposition technique based on work done previously in our research group. To achieve
oxides of In and Sn the metal films were annealed after deposition in air. Similarly, ZnO
films were post-deposition annealed to achieve better stoichiometry. The substrate was
glass in all cases.

2. Hydrothermal processing: The ZnO nanostructures were obtained by hydrothermal
processing. A detailed study of the role of precursor (Zinc Nitrate hydrate or Zinc acetate
hydrate), mineralizers (HMTA, KOH, NaOH and NHz3), duration (10 min to 10hrs) and
temperature (90 to 180 °C) on the nanostructuring process was carried out. Comparison
with microwave assisted hydrothermal synthesis was also studied.

3. Characterization: All the samples were characterized by x-ray diffraction for structure,
scanning electron microscopy for microstructure, Energy dispersive analysis of x-rays
(EDAX) for composition, Raman spectroscopy for electronic structure and defects,
Photoluminescence spectroscopy to understand the nature of emission, UV-Visible-NIR
spectrophotometry for band gap estimation, contact angle measurement for wettability.
Some of the samples were characterized by Surface enhanced Raman scattering
measurements to investigate possible sensing applications. Some of the samples were

characterized by transmission electron microscopy.

Details of materials processing techniques used and parameters varied as well as

characterization techniques are provided in the following sections.
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2.2 Materials: Processing techniques and parameters

2.2.1 Seed layer thin film deposition: process flow

Thin films of Au, In, Sn and ZnO were deposited by thermal evaporation in a home-built vacuum
system equipped with a diffusion pump and rotary pump to create vacuum. A photograph of the
system is shown in figure 2.1. Typically, the process of thin film deposition is carried out in the

following steps.

Substrate holder

Evaporation source |

Figure 2.1: Photograph of thermal evaporation coating unit used.

1. First, A rough vacuum is created in the chamber by a mechanical rotary pump (chamber
pressure 5x10°2 millibar).

2. This is followed by creation of high vacuum using a diffusion pump (chamber pressure
5x10° millibar).

3. Inthe case of Au, In and Sn, evaporation is from a W spiral while in the case of ZnO, the
powder is evaporated from a Mo boat.

4. The substrate was glass for all the films. The source-substrate distance was varied from 5
cms to 11 cms and after optimization of rate of deposition, it was fixed at 8 cms.

5. The substrates were not heated during deposition. However, in the case of In films they

were post-deposition annealed at 200 °C for 2 hrs and the Sn films were post-deposition
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annealed at 300 °C for 2 hrs in air to achieve oxidation. The ZnO films were annealed in
air at 400 °C for 2 hrs, to improve stoichiometry and achieve crystallinity.

6. Based on previous work, the thickness of In and Sn films was 10, 20, 30,40 and 50 nm, the
Au thin films were 100 nm thick and the thickness of ZnO films was 100,150, 200 and 400

nm.

2.2.2 Hydrothermal synthesis: Process flow

ZnO nanostructures are synthesized mainly by the normal hydrothermal synthesis process.
Microwave assisted hydrothermal synthesis was used to establish if the lowest temperatures
required to obtain nanostructures are the same in both processes (i.e. normal and microwave
assisted). The photograph and schematic view of the two types of hydrothermal reactors are,
respectively shown figure 2.2(a) and (b). Two precursors Zinc acetate dihydrate
[Zn(02CCH3)2(H20)2, 99.0%] and zinc nitrate hexahydrate [Zn(NOs)2(H20)s, 98.0%] with
Hexamethylenetetramine (HMTA) [(CH2)sN4, 99.0 %] as the alkaline reagent were used.
Although most of the steps are the same for both precursors, they are listed separately to highlight
the differences. All chemicals were purchased from Sigma-Aldrich (Steinheim, Germany) and
used without further purification. In the rest of the thesis zinc acetate dihydrate is referred to as
ZnAcD and zinc nitrate hexahydrate as ZnNH.

The typical process flow for hydrothermal synthesis using ZnAcD is presented in detail below

(1) The seed layer thin film deposited glass substrate is introduced into the reactor containing the

aqueous solution of ZnAcD and the alkaline reagent (hexamethylenetetramine (HMTA).

(3) The experiments were carried out at a fixed concentration of HMTA (25mM) and three
different concentrations of ZnAcD: 15mM (precursor-deficient), 25mM (equal concentration) and

35mM (precursor rich).
(4) Experiments were also carried out by replacing HMTA with NaOH and NHa.

(5)The synthesis was carried out at 90, 120,150 and 180 °C for durations of 20min, 30min, 60min,
180min, 360 min and 600mins.

(6) After each synthesis process, the substrate and growth layer is rinsed and dried.
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Irradiation

Figure 2.2: (a) Hydrothermal Synthesis Autoclave Reactor with PTFE Lined Vessel Teflon
Chamber (b) Schematic illustration synthesis of the Microwave-assisted hydrothermal reactor.

The typical process flow for microwave hydrothermal synthesis using ZnNH and ZnAcD is
presented in detail below

(1) The seed layer thin film deposited on glass substrate is introduced into the microwave reactor
containing the aqueous solution of ZnNH or ZnAcD and the alkaline reagent

(hexamethylenetetramine (HMTA).

(2) 256mM of Zinc acetate dihydrate [Zn(O2CCHa)2(H20)2, 99.0%] or 25mM of zinc nitrate
hexahydrate [Zn(NOs3)2(H20)s, 98.0%] were mixed with 25 mM of hexamethylenetetramine
(HMTA) [(CH2)sNa4, 99.0 %] to obtain an aqueous solution.

(3) The substrates coated with the ZnO or Au thin films were then dipped into the aqueous
solutions

(4) The process is carried out in a microwave oven (2.45 GHz) operated at 700 W at a fixed

temperature of 90 °C and duration of 30 minutes for all the cases.

(5) After each synthesis process, the substrate and growth layer is rinsed and dried.

2.3 Materials: Characterization Techniques

Two types of materials have been synthesized in the present thesis: (1) thin films that act as seed
layers. These materials are characterized for thickness, microstructure and structure only, since
their role is limited and (2) ZnO nanostructures that are grown on these seed layers. Since the aim
of the work is to investigate them for applications, they are characterized for microstructure, crystal
structure, chemical structure, optical transmission, photoluminescence, wettability and surface
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enhanced Raman scattering. The techniques used to obtain the relevant information are discussed

in the following sections.

2.3.1. Thickness measurement of thin-films
The thickness of thin films was measured in a Stylus Profilometer (Model XP-100, Ambios
technology, USA). The schematic diagram and photograph of the equipment are shown in figure
2.3 (a) and (b). The technical specifications of the instrument are given below.
Profilometer provides following features:

« Scan Length range:- 30-55 mm maximum

« Minimum resolution step:- 10 A°

» Vertical range:- 1200 pm maximum

« Step height repeatability:- 5 A°

« Stylus tip radius:- 2.5 um

 Stylus force range:- 0.03- 10 mg

The parameters used in the present study are

Scan range ~2.5 - 800 microns

Stylus force 0.03mg
(a)
H = Stylus
Film H
BSG Substrate

Figure 2.3: (a) lllustration of stylus profilometry to measure film thickness (b) Stylus Profilometer
(XP-200, Ambios Technology, USA).

2.3.2 Structural studies

In the present thesis, the used X-ray diffractometer is Bruker- D8 Discover and PANalytical X-
ray diffractometer with Cu Ka radiation (A=0.15408 nm) 40 kV and 30 mA. The GI-XRD pattern
is recorded at a grazing incidence angle of 0.5°. The calibration is done by silicon standard, which
accounts for the instrumental line broadening, the value is approximately 0.10° for Bruker-D8
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Discover diffractometer. The XRD phase patterns are recorded in the range of 20° - 80° and
diffraction phase patterns were identified using the JCPDS (Joint Committee of Powder
Diffraction Standard) files [246]. The X-ray Diffractometers are shown in figure 2.4(a)-(b).

Sample

T
| ﬁ . ':E’;Jhol(lcri.t
g |
w = J

Figure 2.4: (a) Bruker D8-Discover for thin films (GIXRD) and (b) PANalytical X-ray
diffractometer.

Crystallite Size
The crystallite sizes are calculated by the line profile quantitative analysis of the peak broadening

of diffracted peaks using Debye-Scherrer Formula.

D = - (2.01

Bcosb ( )
Where, k=0.94, L\ is the X-ray wavelength (Cu-K, radiation, A=0.15405 nm), and B is full width
at half maximum (FWHM) of the peak and ® is the Bragg’s angle. The lattice strain is calculated

by using the below equation.

do
do

strain = - (2.02)
Where, d=is the interplanar distance,

do = is the standard value of diffraction peak position taken from the JCPDS file. Negative
strain is considered compressive while positive strain is termed as tensile strain.

The texture coefficient (TC (h,k,l)) calculated by using the following formula
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I(hkD)
T.(hkD
T <. I(hKD)
N 2 T (k)

Where, | (hkl) is the intensity that is experimentally determined for a specified plane, while I, (hkl)

TC(hkl) - - (203)

is the standard intensity obtained from JCPDS files corresponding to the same plane (hkl). N is the

total number of reflections, while n is the number of diffraction peaks.

2.3.3 Microstructural studies by Field Emission Scanning Electron Microscopy (FESEM)
Field emission scanning electron microscopy (FESEM) is used to study surface morphology,
microstructures, chemical composition, and particles' size and shape. In Field emission scanning
electron microscopy, the acceleration voltage of electrons is 0.5 - 30 kV and all the process happens
under high vacuum, of the order of 10 millibar. In the present work, the FESEM images were
recorded in a Ultra-55, Carl Zeiss microscope shown in figure 2.5.
The specifications of the instrument are

(1) Emitter type: - Schottky field-emitter type

(2) Accelerating voltage range:-5 kV- 20 kV

(3) Detector types: - In specimen chamber ET-SE detector, High efficiency In-lens detector

(SE detector), and Energy selective backscattered electron (EsB detector).

(4) Probe current: - 4pA to 10 nA

(5) Resolution (at different voltages):- 0.1kV- 15kV

(6) Magnification (in different modes):- 12 - 900,000X in SE mode

100 - 900,000X with EsB detector
(7) Number of axes:-5 (X-axis- (L-R movement), (Y-axis (forward-backward movement),
Z-axis (height), R (rotation), T (Tilt)).

The elemental composition of some of the samples was determined using Energy Dispersive X-

ray Spectroscopy (EDS). The specimen's chemical composition and microstructural information
are obtained at operating voltage 5 kVV-20 kV with a working distance of 4.5 mm.
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Figure 2.5: (a) Photograph of the Field emission scanning electron microscope (model: Carl
ZEISS, Ultra55, Germany).

2.3.4 Transmission electron microscope
The growth of ZnO nanowires, in a few cases, was also determined using transmission electron
microscope (model: FEI Tecnai G? S-Twin, FEI electron microscope operated at 200 kV using
Gatan CCD camera). Photograph of the Transmission electron microscope shown in figure 2.6.
High resolution TEM images were also recorded in the same instrument. Selected area Electron
diffraction (SAED) patterns were recorded with a Gatan CCD camera. A 10 nm gold film deposited
on the grid was used for camera length calibration purposes. Some of the technical specifications
are given below:

1. Acceleration voltage: 200kV

2. Electron source: LaBe

3. TEM point resolution: 0.24nm

4. TEM line resolution: 0.14nm

5. TEM magnification range: 25x — 1030kx

6. Imaging: 4Kx4K CCD camera and EDX detector of Energy resolution: 136eV
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Figure 2.6: Photograph of the Transmission electron microscope.

2.3.5 Ultraviolet-visible-Near Infrared (UV-Vis-NIR) spectrophotometry
The optical properties of thin-films and nanostructures were characterized using the JASCO V-

670 UV-Vis-NIR double beam spectrophotometer shown in figure 2.7.

Figure 2.7: Photograph of the UV-VIS-NIR spectrophotometer (JASCO V-670).

The spectral data were recorded in 190- 2500 nm wavelength range with air as reference. The UV-

Vis-NIR spectrophotometer system operates in the double-beam mode with single monochromatic
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light sources. The deuterium lamp source is used for wavelengths ranging between 190-350 nm,
and the halogen lamp range is 330-2700 nm. The detectors are a photomultiplier tube and PbS
photoconductive cell. These detectors have quantitative response, high sensitivity and low level
noise. The UV-VIS-NIR spectrophotometer is used to determine the optical properties such as
transmittance (T %), absorption (abs), and reflectance (R) of the films and nanostructures. The
spectrophotometer has a resolution limit of £0.2 nm and a sampling interval of 2 nm. In the present

study, the bandgap was calculated from Tauc's relation [247-250].

ahw = B(hw — E;)" - (2.04)
Where, the exponent n is % or 2 depending on the nature of the gap (indirect or direct), ho is
photon energy, Egis optical bandgap, a is absorption coefficient, a is obtained with Beer Lambert’s
law mentioned below
[=1e ™ - (2.05)
Where, loand | are the incident intensity and transmitted intensity of photons respectively, d is

thickness of the film.

2.3.6 Raman spectroscopy
Raman spectra of all the samples was recorded in air using a neodymium-doped yttrium aluminum
garnet (Nd: YAG) laser with 532 nm wavelength, in the backscattering geometry in a CRM
spectrometer attached with a confocal microscope and 100X objective lens with CCD detector
located on a model alpha 300 platform of WiTec Germany. The photograph is shown in figure 2.8.
The specifications of the instrument are

(1) Laser Source:- 532 nm

(2) Objective lens:- 100X

(3) Detector:- CCD detector

(4) Spectral range:- 130-3700 cm*

(5) Pixel resolution:- < 0.09 - < 3.
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Figure 2.8: Photograph of the Raman spectrometer (Witec Alpha 300).

2.3.7 Photoluminescence spectroscopy
The Photoluminescence (PL) spectra of the samples were recorded at room temperature using a
Horiba JobinYvon model FL3-22 spectrometer shown in figure 2.9. The specifications of the
instrument are

(1) Model:- Horiba JobinYvon model FL3-22 spectrometer

(2) Light source:- 450-W Xe

(3) Excitation spectrometer:- Double

(4) Sample compartment:- T-Box

(5) Emission spectrometer:- Double

(6) Detector:- PMT

Figure 2.9: Horiba JobinYvon model FL3-22 spectrometer.
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2.3.8 Surface enhanced Raman scattering (SERS) measurements
SERS measurements were performed with a LabRAM-Horiba Jobin Yvon spectrometer with a
50X objective lens and 532 nm wavelength laser and displayed in the figure 2.10. The
specifications of the instrument are

(1) Laser Source: - 532 nm

(2) Objective lens: 50X, 0.5 NA

(3) Detector: CCD detector (pixel size 26 pm X 26 pm)

(4) Spectral range: 50 cm™ to 4000 cm

(5) Scan table: X-Y stage is used to scan the sample

(6) Accumulations:- 3

(7) Acquisition time:- 8 sec

Figure 2.10: (a) Photograph of the LabRAM-Horiba Jobin Yvon spectrometer with a 50X
objective lens and 532 nm wavelength laser.

2.3.8.1. SERS Enhancement factor calculations

The SERS enhancement factor (EF) measures the Raman signal amplification created by the

substrate from a specific Raman mode of the analyte molecule. The enhancement factor quantifies
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the performance of a SERS active substrate. This can depend on the analyte, incident wavelength,
microstructure of the substrate, and probe molecule on the SERS substrate.

SERS enhancement factor (EF) was calculated using this formula [251-253]

EF - Isers NRaman ) (2.06)

IRaman NSERs

Here, Nraman and Nsers are the number of molecules contributing to the SERS and Raman signal.
Isers is the enhanced Raman intensity at the lower concentration on SERS substrate. Iraman is the
average Raman intensity at a higher concentration measured over the surface. In the calculation of

the EF, Nsers and Nraman Can be determined by the following equations

A aser
Nsgrs = 1 Ny Csgrs Va _;NS — (2.07)
Alaser o
Nraman = Na Cr Va7 > (2.08)

a
Asubstrate

Here, Na is Avogadro's number. Laser parameters (effective area of the laser spot size), analyte
volume V, utilized are kept equal in collecting the SERS and Raman spectra. Therefore,

EE = Isers CRaman X 1

IRaman CSERS n (209)

The adsorption factor estimation was performed with the Langmuir isotherm model, in which the
lower n (0<m <1) value reflects more favorable adsorption. From the linearized form of Freundlich
adsorption isotherm, i.e., log C versus log | plot of the particular vibrational mode, the slope is a
measure of adsorption intensity [251-253]. Generally, the obtained slope ranges between 0 and 1

and, therefore

EF — ISERs Craman BN (210)

IRaman  CSERS

Here we have assumed n=1. Therefore, the achieved EF values are generally under-estimated [251-
253].
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2.4. Wettability studies by Contact angle goniometry
Wetting studies were performed using a contact angle meter (DMs-401, Kyowa Interface Science
CO LTD, Japan). The measurement of contact angle was performed in an ambient atmosphere. At
first, in the experimental arrangement, a 2 pl pendant drop of water was created, and the substrate
stage raised so that the droplet would touch the substrate surface. The sessile drop's contact angles
were recorded using a high-speed camera and analyzed using FAMAS software integrated with
the system.
The instrument also has an automated software-driven dispensing system with a nozzle and a
piping system fitted to it for producing precise pendant and sessile drops. The contact angle is
calculated by drop shape analysis of the software. The principal assumptions of this analysis are
as follows.

1) The drop is assumed to be symmetric about a central vertical axis. This means that it is

irrelevant from which direction the drop is viewed.

2) The drop is not in motion and viscosity and inertia play a role in determining its shape.

As stated in the introduction chapter, liquid droplets form the contact angle at the three-phase
boundary where a liquid, gas, and solid intersect on the surface.
Contact angle goniometer (Figure 2.11) is an instrument used for measuring the contact angle

between the liquid and the substrate. The contact goniometer consists of
(@) A Charge Coupled Device (CCD) camera
(b) A flat stage table to place the solid substrate
(c) A stand fitted with a clamp to hold the goniometer microsyringe
(d) A variable fiber-optic- illuminator and

(e) A straight needle for manual dispensing.
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Figure 2.11: Photograph of contact angle goniometer.

A small drop of the liquid is dropped on a substrate placed on the goniometer's flat stage table in
the study. The CCD camera captures the liquid drop profile over the substrate and the video
presented on the screen—the contact angle calculated by drop shape analysis of the software
manager. The contact goniometer used to measure the static contact angle, receding contact angles
and advancing surface tension of liquid droplet by pendant drop method and the surface energy,
adhesive energy of the solid substrate from measured contact angles. The self-cleaning application

was established by irradiating the nanostructured surfaces with UV light of wavelength 254 nm.
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2.5 Summary

In summary, Zinc oxide (ZnO), Gold (Au), As deposited Indium (InA), As deposited (SnA) seed
layers were deposited on BSG substrate by thermal evaporation. After this, Indium oxide (InO)
was obtained by annealing InA films at 200°C for 2 hours, Tin oxide (SnO) by annealing SnA
films at 300°C for 2 hours, and Zinc oxide (ZnO) by annealing the as-deposited films at 400°C for
2 hours. These seed layers are used for hydrothermal synthesis. The protocol followed for
hydrothermal processing is described in detail. The metal and metal oxide seeded layers as well as
the hydrothermally processed ZnO nanostructures were characterized by x-ray diffraction, Raman
and PL spectroscopy, UV-Vis-NIR spectrometry, Scanning and Transmission electron microscopy
and contact angle measurements for optical, wettability and SERS applications. Details of the

instruments used along with their technical specifications are also presented.

43



Chapter
3

Deposition and characterization of
Seed layers
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Abstract

One of the most important factors that determines the growth of nanostructures by hydrothermal
synthesis is the nature of the seed layers. In this thesis, the aim is to examine the role of the seed
layer thin films on structure, microstructure, optical, sensing and wettability properties of the ZnO
nanostructures grown over these layers. Two types of seed layers, metal and metal oxides, were
studied to establish their efficacy. The metals studied are In, Sn and Au while the oxides are
thermally oxidized In and Sn and ZnO. All the thin films are deposited by thermal evaporation.
The metal thin films are obtained by evaporating the corresponding metals. In the case of ZnO thin
films, the source is the corresponding oxide while to achieve In and Sn oxides the metal films are
thermally oxidized in air. In this chapter, the details of the processing parameters, structure and
microstructure of the seed layer films is presented in detail. The characterization helps in
correlating the role of the seed layers with the growth and properties of the ZnO nanostructures
presented in the next chapters
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3.1 Background

As stated in the introduction chapter one of the objectives of the present study is to examine, in
detail, the role of seed layers in determining the growth patterns of the ZnO nanostructures
processed by hydrothermal synthesis over them. As a first step the structure and properties of the
seed layers is discussed in this chapter. The seed layers are In, Sn and Au metals and oxides of In,
Sn and Zn. In and Sn oxides are prepared by annealing the corresponding metal films in air while
the ZnO films are prepared by evaporating ZnO itself, followed by thermal annealing in air to
achieve stoichiometry. The films are characterized by x-ray diffraction, scanning electron

microscopy and optical methods.

3.1.1. Microstructure and structure ZnO thin films

The X-ray diffraction (XRD) patterns of the as-deposited films taken at two different locations are
shown in figure 3.1(a) and (b). The corresponding FESEM images are displayed as insets. It is
observed that the as-deposited films are a combination of Zn and ZnO. There is one peak assigned
to the (0 0 2) plane of the wurtzite ZnO and two peaks that are assigned to the (0 0 2) and (1 0 1)
planes of Zn metal. The surface morphology is very non-uniform with spherical particles of
diameter in the order of 50 -70 nm (figure 3.1(a)) and densely packed spherical particles of
diameter in the order of 40 -50 nm, superposed on which are smaller particles of 10-30 nm diameter
in figure 3.1(b).

(b)

ZnO (002)

Intensity (Arb.units)
Intensity (Arb.units)
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Figure 3.1: XRD patterns and FE-SEM images of ZnO seed layers (a) and (b) as-deposited

46



Zn0 (100)
ZnO (101}

Intensity (Arb.units)

Zn0 (110)

30 35 4 45 50 55 60
2Theta (Degrees)

Figure 3.1: XRD patterns and FE-SEM images of ZnO seed layers (c) annealed at 400 °C for 2
hours.

Since the films were a mixture of metal and metal oxide, they were annealed at 400 °C for 2 hours
to completely oxidize them. The XRD pattern in figure 3.1 (c) shows that, after annealing, peaks
related to metallic Zn disappear and only the diffraction peaks relating to the (100), (002), (101),
(102) and (110) planes of wurtzite ZnO remain. All diffraction peaks are indexed to ZnO with a
hexagonal wurtzite crystal structure using JCPDS file no: 80-0074. The ZnO surface
microstructure is more uniform with densely packed spherical particles in the 30-50 nm diameter
range. The ZnO crystal structure does not exhibit a preferential orientation. This optimized
protocol to obtain stoichiometric ZnO was used in all further experiments.

The effect of different thickness of seed layers, from 100-400nm, deposited by thermal evaporation
under high vacuum on structure and microstructure is presented next. The surface microstructure
of ZnO thin films of approximate thickness 100 nm, 150 nm, 200 nm, and 400 nm is shown in
Figure 3.2 to 3.5. The microstructure of the 100 nm thickness ZnO at different magnifications

shown (Figure 3.2 (a-c) consists of densely packed spherical particles of diameter 30-50 nm.

Figure 3.2 (a-c): FE-SEM images of 100 nm ZnO thin film at different magnifications.
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The edges of the spherical particles are sharpened to give various non-spherical shapes when the
thickness is increased to 150 nm (figure 3.3(a-c)).

Tage
::‘33?‘%-’»@ . s T
Figure 3.3 (a-c): FE- SEM images of 150 nm ZnO thin f|Im at dlfferent magnlflcatlons

Few of the particles are elongated in one direction providing rectangular shapes. The elongation
of these particles extended out of the plane's surface, resulting in three-dimensional (3D)
microstructures. Due to this 3D arrangement, micron-sized voids are developed at the interfaces.
These particles transform into large spherical particles of 200 nm size by increasing the thickness
of the films to 200 nm (figure 3.4(a-c).

Figure 3.4 (a-c): FE-SEM images of 200 nm ZnO thin film at different magnifications

This is accompanied by a decrease in packing density of the particles, as evidenced by the voids
between them. The 400 nm thickness film has an entirely different microstructure. The surface
comprises twisted flakes of length 30-50 nm and width of 400-500 nm that is vertically oriented
(figure 3.5(a-c).

Figure 3.5 (a-c): FE-SEM images of 400 nm ZnO thin film at different magnifications
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Thus, the ZnO film thickness increase has brought a profound change on the surface
microstructural development and the packing density of the evolved microstructures. The
contribution of surface roughness to the evolution of the nanowires cannot be neglected [254]. It
would thus appear that variation in thickness causes changes in surface microstructure and
roughness of the ZnO films. Apart from this, smaller grain size may lead to nanowires with smaller
dimensions [255-256].

The phase formation and crystallographic information of the thin films investigated using XRD
are presented in Figure 3.6(a-d). All diffraction peaks are indexed to ZnO with a hexagonal
wurtzite crystal structure using JCPDS file no: 80-0074. This observation suggests that the changes
in the thickness of ZnO thin films has modified the microstructure, but remained structurally phase
pure. No un-reacted metallic Zn is observed. The prominent diffraction peaks at 260=31.64, 34.12,
36.2 and 56.6 ° are indexed to (100), (002), (101) and (110) planes of hexagonal wurtzite phase of

ZnO respectively.
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Figure 3.6: X-ray diffraction patterns of ZnO seed layers of (a) 100 nm, (b) 150 nm, (c) 200 and
(d) 400 nm thickness respectively.

The very diffuse nature of peaks for the 100 nm samples can be attributed to the nano-crystalline
nature of the films. There is a slight decrease in the relative intensities of the different ZnO peaks
indicating the change in the preferred orientation of the ZnO film. In the 200 nm film, there is a
relative drop in the intensity of the (101) peak while, for the 400 nm film, there is an increase in
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the peak intensity of the (110) plane. Significantly, there are no peaks related to metallic Zn,
indicating that the films are stoichiometric ZnO (within the detection limits of XRD). It is known
that crystallization of ZnO thin films prepared by thermal evaporation either from a Zn or ZnO
source requires post-deposition heat treatment [257]. The films in the present case are also nano-
crystalline with a crystallite size of 20-25 nm, as estimated from Scherrer’s formula. In addition,
there is a shift in the peak positions to higher 26 values with an increase in thickness, indicating a
change in the residual stresses within the ZnO films at different thicknesses. These residual stresses
are likely to originate from a mismatch in the thermal expansion coefficient of ZnO and glass
substrate. Liu et al. [258-259] attributed this deviation to surface effects which cause lattice
deformations and reduction in the lattice parameter. This could also be the reason for the observed
variations in microstructures as a function of thickness.

It is evident that the 100 nm ZnO film, thus, has a comparatively smooth surface, densely packed
spherical nanostructures, and nano-crystalline nature. Based on these observations and literature
mentioned above, it was inferred that the 100 nm ZnO film would be optimal in providing the

nucleating sites for developing vertically aligned ZnO based nanostructural-1D entities.

3.1.2. Photoluminescence, Raman spectroscopy, and Optical properties of ZnO seed layers
Photoluminescence and Raman spectroscopy are very powerful probes to investigate the presence
of defects in the ZnO films. It is observed that the PL spectra of the different thickness ZnO seed
layers, shown in figure 3.7(a), display a prominent peak centred around 550 nm and a
comparatively weaker peak centred around 380 nm. It is well documented that ZnO exhibits a near
band-edge (NBE) PL peak at around 380 nm and defect related peak at approximately 550 nm.
While the UV-NBE is attributed to the exciton—exciton scattering process from the n=1 state to
the exciton continuum state (P-line), the emission near 550 nm is generally assigned to oxygen
vacancies (Vo) [260].

Significantly, in the present case, UV-NBE is of much lower intensity than the visible-region
emission. This would imply the existence of a large volume of defects in the films in the form of
oxygen vacancies or Zn interstitials. Another interesting aspect is the decrease in intensity of the
defect related peak and corresponding increase in intensity of the UV-NBE with increase in
thickness. This phenomenon is accompanied by a red-shift in both peak positions. The red-shift of
the band edge emission has been attributed to the Burstein— Moss band filling effect or a band gap

shrinkage due to charge transfer from un-reacted Zn to ZnO.
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Figure 3.7: Effect of thickness of ZnO films on the (a) photoluminescence, (b) Raman spectra, (c)
Optical spectra i=100 nm; ii=150 nm; iii=200 nm; iv=400 nm.

Raman spectra of these films displayed in figure 3.7(b) confirm these observations. There is a
strong Raman band centred at 330 cm™, which blue-shifts (to 316 cm™) and gets strengthened with
the increase in thickness. The most intense Raman band of ZnO, which is known to be centred
around 437 cm?, is very weak for the 100 nm thickness film.

With increase in thickness the intensity of the peak increases and its existence is very evident for
the 400 nm thickness film. The relative intensities of the high wavenumber to low wavenumber
peaks increases with increase in thickness of the film. The low wavenumber peak at 330 cm™ has
been interpreted earlier as being a second order Raman scattering peak originating from multi-

phonon scattering processes [261-263]. This is ascribed to the Ez (high) - E2 (low) mode of ZnO,
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related to the zone boundary phonons, similar to GaN [264]. The presence of these modes in un-
doped ZnO thin films is unusual, since the majority of the observations on this low wavenumber
peak have been in the case of metal-doped ZnO. For example, in Mn doped ZnO there is clear
evidence of the intensity of the peak increasing with increased dopant concentration [261]. Multi-
phonon processes are generally linked to the presence of disorder (such as defects and vacancies)
in the material, which allows phonons of different symmetries to be scattered leading to the
enhancement of their peak intensity. The blue-shifting of this peak can be attributed to increase in
strain at the interface between the film and substrate due to heat treatment [264-266]. Thus, the PL
and Raman spectroscopy observations indicate the existence of defects in the thin films used to
support the nanowire arrays.

The optical transmission spectra, in figure 3.7 (c), revealed that ZnO seed layers transmission in
the wavelength range of 300-1500 nm is 60% - 80%. The transmission of ZnO nanostructures
increases as the thickness of seed layers decreases. The band gap, as a consequence of increased
thickness, decreases from 3.9 eV to 3.4 eV. The transmission spectrum of these different
thicknesses of ZnO seed layers demonstrates a high absorbance and sharp absorption shoulder in
wavelengths between 300 and 400 nm (UV region). This is due to the quantum confinement effect
of the ZnO nanostructures [267-268].

The picture that emerges from these studies is that the ZnO thin films show a large density of
defects at lower thickness, which decrease as the thickness is increased. The origin of these defects
can be traced to the process used for preparation of thin films, i.e. thermal evaporation. Thermal
evaporation of high melting point materials such as ZnO induces non-stoichiometry in the
deposited films [269]. Heat treatment is attempted to reduce defects, which is partially successful
as evidenced by the PL and Raman spectra displayed earlier. The 100 nm thickness film is selected
for study of HP of ZnO nanostructures due to the fact that the surface had smallest size
nanoparticles, which are densely packed. It is, however, seen that density of defects on the surface

of the films, as evidenced by PL and Raman spectra, is high.

3.2. Microstructure and structure of Indium (In) and Tin (Sn) seed layers

The morphology of the seed layers plays an important role in determining the growth patterns of
the ZnO structures grown on top of them. The surface of the 10 nm thickness as-deposited In (InA)

film shows large agglomerates of 100 nm diameter superposed on which are smaller particles of
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10-20 nm diameter (figure 3.8(a-c)). The annealing of the In seed layers (InO) at 200°C for 2hrs
(figure 3.8(d-f)) results in a more uniform morphology, consisting of 30 nm particles.

Figure 3.8: FE-SEM images of the top surface of the 10 nm InA f|Im (a-c) InO f|Im (d-f) at
different magnifications.

In the case of Sn seed layers the as deposited films (SnA) display large cuboidal particles (Figure
3.9(a-c)). Annealing of the Sn seed layers (SnO) at 300°C for 2hrs resulted in breaking up of these
particles into spherical agglomerates of the order of 30-50 nm (figure 3.9(d-f)).

The surface of the 20 nm thickness as deposited In (InA) film shows large agglomerates of 80-100
nm diameter superposed on which are smaller particles of 10-20 nm diameter (figure3.10 (a-c)).
The annealing of the In seed layers (InO) at 200°C for 2hrs (figure 3.10 (d-f)) results in a more
uniform morphology, consisting of 20-30 nm particles. In the case of Sn seed layers the as
deposited films (SnA) display large cuboidal particles (figure 3.11(a-c)).
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Figure 3.9: FE-SEM images of the top surface of the 10 nm SnA film (a-c), SnO film (d-f) at
different magnifications.

Annealing of the Sn seed layers (SnO) at 300°C for 2hrs resulted in breaking up of these particles
into spherical agglomerates of the order of 30-50 nm (figure 3.11(d-f)).

Figure 3.10: FE-SEM images of the top surface of the 20 nm InA film (a-c), InO film (d-f) at
different magnifications.
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different magnifications.

The surface of the 30 nm thickness as deposited In (InA) seed layers shows large agglomerates of
80-100 nm diameter superposed on which are smaller particles of 10-20 nm diameter
(figure3.12(a-c)). The annealing of the In seed layers (InO) at 200°C for 2hrs (Figure 3.12(d-f))

results in a more uniform morphology, consisting of 10-20 nm particles.

Figure 3.12: FE-SEM images of the top surface of the 30 nm InA film (a-c), InO film (d-f) at
different magnifications.
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In the case of Sn seed layers the as deposited films (SnA) display large cuboidal particles with 100
nm size (figure 3.13(a-c)) and superposed on which are smaller particles of 30-50 nm diameter.
Annealing of the Sn seed layers (SnO) at 300°C for 2hrs resulted in breaking up of these particles
into spherical agglomerates of the order of 20-30 nm (figure 3.13(d-f)).

: | P R T | W O
Figure 3.13: FE-SEM images of the top surface of the 30 nm SnA film (a-c), SnO film (d-f) at
different magnifications.

The surface of the 40 nm thickness as deposited In (InA) seed layers shows large agglomerates of
100-120 nm diameter superposed on which are smaller particles of 20-30 nm diameter
(figure3.14(a-c)). The annealing of the In seed layers (InO) at 200°C for 2hrs (figure 3.14(d-f))

results in a more uniform morphology, consisting of 80-100 nm particles.

different magnifications.
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In the case of Sn seed layers the as deposited films (SnA) display large cuboidal particles with
100-150 nm size (figure 3.15(a-c)) and superposed on which are smaller particles of 30-50 nm
diameter. Annealing of the Sn seed layers (SnO) at 300°C for 2hrs resulted in breaking up of these
particles diameter 100 nm and superposed spherical agglomerates of the order of 20-30 nm (figure
3.15(d-f)).

L v 4 L% . Adell 7 Lo
Figure 3.15: FE-SEM images of the top surface of the 40 nm SnA film (a-c), SnO film (d-f) at
different magnifications.

Similarly, in the case of 50 nm thickness as deposited In (InA) seed layers shows large
agglomerates of 120-150 nm diameter superposed on which are smaller particles of 20-30 nm
diameter (figure3.16(a-c)). The annealing of the in seed layers (InO) at 200°C for 2hrs (figure
3.16(d-f)) results in a more uniform morphology, consisting of 80-100 nm particle diameter
superposed on which are smaller particles of 20-30 nm.

In the case of Sn seed layers the as deposited films (SnA) display large cuboidal particles with
200-300 nm size (figure 3.17(a-c)) and superposed on which are smaller particles of 60-80 nm
diameter. Annealing of the Sn seed layers (SnO) at 300°C for 2hrs resulted in breaking up of these
particles into spherical agglomerates of the order of 30-50 nm (figure 3.17(d-f)). The phase
formation and crystallographic information of the In and Sn seed layers investigated using XRD
are displayed in figure 3.18 ((a)-(b)). The crystallite size 40 nm in InA and 32 nm in InO seed

layers.
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Figure 3.16: FE-SEM images of the top surface of the 50 nm InA film (a-c), InO film (d-f) at
different magnifications.

Similarly, in the case of SnA and SnO the crystallite size order of 60 nm and 41 nm. The more

interesting observation was that the strain was tensile in nature, on all the seed layers.

Figure 3.17: FE-SEM images of the top surface of the 50 nm SnA film (a-c), SnO film (d-f) at
different magnifications.

Both In and Sn crystallize in the body centred tetragonal structure with lattice parameters of a=b=
3.25A, c= 4.94 A and a=b=5.83A c= 3.18 A respectively.
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The rhombohedral form of Indium oxide has a lattice parameter of a=b= c=5.48A while tin oxide
crystallizes in the rutile structure with lattice parameters of a=b= 4.75 and ¢=3.18 A respectively.
Clearly the origin of strain in the ZnO structures is the large lattice mismatch between the seed
layers and ZnO.
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Figure 3.18: X-ray diffraction patterns of (a) InA and InO, (b) SnA and SnO seed layers.

3.2.1. Optical properties of InO and SnO seed layers

The optical transmission spectra, in figure 3.19 (a), revealed that the increase in thickness of InO
seed layers has almost 40% - 80% transmission in a wavelength range of 300-1000 nm. The
transmission of InO increase as the thickness of seed layers decrease. The band gap, as a
consequence of increased thickness, decreases from 3.8 eV to 3.6 eV. In the case of SnO seed
layers in figure3.19 (b), these seed layers has almost 30 % - 80% transmission in a wavelength
range of 300-1000 nm. The transmission of SnO increases as the thickness of seed layers decreases.

The band gap, as a consequence of increased thickness, decreases from 3.9 eV to 3.7 eV.
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Figure 3.19: Effect of seed layers thickness on transmission spectra of (a) InO and (b) SnO

films. It is to be noted that the as-deposited InA and SnA films are metallic and, hence, do not
show any transmission.

3.3. Microstructure and structure of gold (Au) seed layer

The final seed layer used in this study are Au thin films of 100 nm thickness deposited by thermal

evaporation. The surface microstructure displayed in Figure 3.20 (a-b) consists of densely packed
spherical particles of diameter 10-20 nm.
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The crystallographic information of the Au seed layer investigated using XRD are displayed in
figure 3.21. All the diffraction peaks can be attributed to the face-centered cubic (FCC) structure
of Au with peaks at 38.40, 44.59, 64.72, and 77.83°, which could be indexed well to the (111),
(200), (220), and (311) planes using JCPDS file no: 04-0784 [270]. In addition, there is a shift in
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the peak positions to lower 2-theta values, which indicates the presence of tensile residual stresses

owing to mismatch in the thermal expansion coefficient of film and substrate. The crystallite size

of the Au film is 40 nm.
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Figure 3.21: X-ray diffraction pattern of the Au seed layer.

3.3.1. Optical properties of gold (Au) seed layer
The optical transmission spectra, in Figure 3.22, reveal an absorption peak at 520 nm due to
Localized Surface Plasmon Resonance (LSPR). The presence of LSPR peak indicates the

nanocrystalline nature of the Au films.
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Figure 3.22: Optical absorption spectrum of the Au seed layer.
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3.4 Conclusion

In summary, In, Sn and Au metal films and In203, SnO and ZnO thin films have been prepared on
glass substrates by thermal evaporation in vacuum to determine their efficacy as seed layers for
the growth of ZnO nanostructures. A thermal oxidation protocol was optimized for the formation
of the oxides. Based on the surface microstructure, nature of defects and vacancies as well as
nanocrystalline nature, ZnO seed layer thin films of 100 nm thickness is determined to be the
optimum for growth of nanostructures. In the case of In and Sn metal films the 10 nm thickness
films appear to possess the microstructure and structure required for the growth of ZnO
nanostructures. Hence, the corresponding oxides are also optimized as seed layer thin films for the
growth of ZnO nanostructures. Finally, the Au thin film of 100 nm thickness is optimized for

application as seed layer.
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Chapter

Comparison of growth of ZnO
nanowires/nanorods by conventional and

microwave hydrothermal synthesis

Part A of this chapter was published in the paper: Y.Rajesh, S.K.Padhi and M. Ghanashyam
Krishna, ZnO thin film-nanowire array homo-structures, with tunable photoluminescence and
optical band gap, RSC Advances, 10, 25721 (2020).

PART B of this chapter was published in the paper: Y. Rajesh, M.A. Mohiddon, and M.G.Krishna,
Shape evolution and optical response of ZnO nanostructures grown on thermally evaporated ZnO
and Au thin films. Materials Chemistry and Physics, p.125448 (2021).
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Abstract

In this chapter, the growth of ZnO nanowires on ZnO seed layers described in the previous chapter
are discussed. There are three objectives of this study: (1) To establish the effect of temperature
and duration of the hydrothermal process on the growth patterns of the ZnO nanostructures, (2)
examine the role of ZnO seed layers on the growth and optical behavior of ZnO thin film-nanowire
arrays and (3) compare the efficiency of the conventional and microwave assisted hydrothermal
processes in controlling the growth patterns of the ZnO nanostructures.

The chapter is divided into two parts: Part A deals with conventional hydrothermal processing and
in Part B the microwave hydrothermal processing of ZnO nanostructures is described. Since, the
nanostructures are grown on ZnO seed layers they are called homo-structures.

In the conventional hydrothermal process, Zinc Acetate and HMTA are used as the precursor
media to obtain nanostructures. The study on effect of duration (10 min-10 hrs.) and temperature
(90 °C -180 °C) shows that processing at 120 °C for 3hrs is a threshold value realize nanowire
arrays with suitable aspect ratios, packing density and uniform distribution across the surface. It is
demonstrated that low temperature and short duration are ideal for producing nanowires with
diameter < 100 nm, while longer durations and higher temperatures lead to large diameter and long
length nanowires. Interestingly, all wires converge to a hexagonal shape with increase in duration
or temperature. Optical band gap of the homo-structures is of the order of 3.4 -3.5 eV. Raman and
photoluminescence spectra indicate the presence of defects in the films. The thin films exhibit a
strong defect related photoluminescence peak centred around 550 nm. The nanowires grown on
the films display both the UV-Near band edge peak as well as the defect related peak.

It is also demonstrated that nanowires or nanorods can be obtained on Au seed layers and directly
on glass substrates. However, aspect ratios, packing density and distribution across the surface are
very poor. Hence, these are not suitable for applications. The reasons for differences in observed
growth patterns on different seed layers are discussed.
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Part-4A (Conventional Hydrothermal synthesis)

4.1 Background

In this chapter, the growth of ZnO nanowires on ZnO seed layers described in the previous chapter
are discussed. There are three objectives of this study: (1) To establish the effect of temperature
and duration of the hydrothermal process on the growth patterns of the ZnO nanostructures, (2)
examine the role of ZnO seed layers on the growth and optical behavior of ZnO thin film-nanowire
arrays and (3) compare the efficiency of the conventional and microwave assisted hydrothermal
processes on the growth patterns of the ZnO nanostructures.

The chapter is divided into two parts: Part A deals with conventional hydrothermal processing and
in Part B the microwave hydrothermal processing of ZnO nanostructures is described. Since, the
nanostructures are grown on ZnO seed layers they are called homo-structures.

In Part A, ZnO thin films of thickness 100-400 nm are deposited by thermal evaporation on glass
substrates from a ZnO source. The source to substrate separation and duration of ZnO evaporation
are varied and four different thickness ZnO films are achieved. All the films are deposited at RT
and subjected to post-deposition heat-treatment in air at 400 °C for 2 hrs.

These ZnO thin film deposited substrates are then introduced into a hydrothermal reactor for
growing different ZnO nanostructures. In a typical process run, these films are placed in a 100 mL
Teflon-liner stainless steel autoclave containing aqueous solution of 25 mM each of Zinc acetate
dehydrate [Zn(O2CCH3)2(H20)2, 99.0%- ZnAcD] and 25 mM hexamethylenetetramine (HMTA)
[(CH2)6N4, 99.0 %]. Experiments are also carried out at 15 mM (ZnAcD, precursor deficient) and
35 mM (ZnAcD, precursor rich) concentrations, maintaining the HMTA concentration at 25 mM.
The duration of hydrothermal processing of ZnO (HP) is varied between 10 min to 10 hrs and

temperatures are varied from 90 °C to 180 °C.

4.1.1. Effect of precursor concentration on microstructural evolution of ZnO homo-
structures

The first set of experiments carried out on the ZnO films investigates the role of Zinc Acetate
(ZnAcD) precursor at 15, 25, and 35mM concentration maintained at 120 °C for 3 hrs on the
microstructure evolution. It is observed that the microstructure consists of nanorods with different

densities of packing in each case (figure 4.1(a)-(c)). In the 15 mM case, there is low density of
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rods which are hexagonally shaped with a tapered end. As shown in figure 4.1(a), in blue color,
the rods have a lateral dimension of 800-1000 nm and axial length up to 10 microns. The diameter
of the rods decreases to 50-100 nm and lengths to 2 microns when 25 mM of ZnAcD is used. This
is accompanied by a significant increase in the packing density of the rods, which favors increased
aspect ratio (AR) and observed flexibility (like a cantilever, nanowires are observed to move back
and forth under FE-SEM beam, see figure 4.1(d)), which can be ascribed to the formation of
nanowires. When the concentration of (ZnAcD) is further increased to 35 mM, there is again
decrease in density of the rods followed by decrease in AR to 7. Thus, it appears that an optimal
concentration of 25 mM of both ZnAcD and HMTA is required to realize nanowires that are

densely packed.
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Figure 4.1: Scanning electron microscope images of the hydrothermally processed ZnO on thin
film of 100 nm thickness showing the effect of ZnAcD precursor in (a) 15, (b) 25 and (c) 35mM
concentration; (d) shows the movement of nanowires under the SEM electron beam. The tapering
of the rods is schematically shown in figure 4.1(a) by highlighting one of them in blue.

The next experiment is carried out by replacing HMTA with NaOH and NHz solution at the optimal
concentration of 25 mM and 120 °C for 3 hrs. Surprisingly, there is no growth of ZnO
nanostructures in these two cases. In the case of NaOH (figure 4.2(a-b)), horizontal hexagonal
rods that are sparsely distributed are observed over the surface of the ZnO film. In contrast,

spherical particles over the ZnO thin film surface are formed when NH3 solution is used (figure
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4.2(c-d)). Clearly, the use of HMTA is more favourable to the formation of vertically oriented ZnO
nanorods under these conditions of hydrothermal processing, and 25 mM is the optimal
concentration. Although NaOH and NHs have been successfully used earlier to synthesize
vertically aligned nanowires [271], in the present study, they are not observed.
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Figure 4.2: Scanning electron microscope images at different magnification showing the effect of
(@ NaOH and (b) NHs precursor on the growth of hydrothermally processed ZnO clearly
demonstrating the lack of nanowire formation.

The difference can be attributed to differences in chemical conditions such as pH, concentrations,
temperature, and time of synthesis, all of which play an important role. The results pertaining to
HMTA are consistent with the literature, which indicates that the supply of HMTA provides the
hydroxyl ions needed for the precipitation reaction. In addition, it acts as a pH buffer. HMTA also
attaches to the non-polar facets of ZnO, exposing the polar (001) plane, leading to axial or 1D
crystal growth. Until supersaturation is reached, this process leads to suppression in lateral but
enhanced axial growth leading to vertical nanowires growth and development [272-274].
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4.2. Effect of thickness of ZnO seed layers and duration of synthesis on the growth of
nanorods

In this section, the effects of thickness of ZnO seed layers and duration of hydrothermal process
on the growth patterns of ZnO nanostructures is presented. In the first part the thickness of the
seed layer is fixed at 100 nm (because comparatively smooth surface has good densely packed
spherical shape of particles as mentioned in chapter 3) and the process temperature is fixed at 120
°C while the durations are 10, 30, 60, 180, 360, and 600 mins. The FE-SEM images of the
nanostructures are shown in figure (4.3 (a)-(f)). For the purpose of this discussion low aspect ratio
structures are called nanorods while larger aspect ratio structures are termed as nanowires. Based
on this definition, in the case of 10 mins duration, nanorods of length 500-700 nm and diameter
90-100 nm are formed. At 30 mins and 60 mins the length of nanorods is 600-700 nm and 1.3 pm,
respectively, and the diameter of the nanorod is 40-70 nm and 50-60 nm. In the case of 180 mins
duration, densely packed nanowires were formed; the average length of nanowires is 2 um with a
diameter of 50-100 nm, while these values are 2-3 um and 100-120 nm nm at 120°C for 360 mins.
When the duration is increased to 600 mins the nanowires transform into hexagonal shaped

nanorods with length of 6-8 um and diameter of nanowire 900 nm-1 pum.

Figure 4.3: Scanning electron microscope cross-section images of hydrothermally processed ZnO
on100 nm thickness ZnO seed layer at 120 °C for (a) 10 mins, (b) 30 mins, (c) 60mins, (d) 180
mins, (e) 360 mins and (f) 600 mins.
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The FE-SEM images of the ZnO nanostructures grown on ZnO seed layer thin films thickness of
150, 200 and 400 nm are shown in figure (4.4 (a)-(c)),(4.5(a)-(c)), and (4.6(a)-(c)) respectively. In
all cases the temperature is constant at 120 °C while the process durations are 10, 30, and 60 mins.

Figure 4.4: Cross-section scanning electron microscope images of ZnO nanostructures at 150
nm thickness of seed layer at 120 °C for (a) 10 mins, (b) 30 mins, (c) 60 mins process duration.

¥

Figure 4.5: Cross-section scanning electron microscope images of ZnO nanostructures at 200
nm thickness of seed layer at 120 °C for (a) 10 mins, (b) 30 mins, (c) 60 mins process duration.

Figure 4.6: Cross-section scanning electron microscope images of ZnO nanostructures at 400
nm thickness of seed layer at 120 °C for (a) 10 mins, (b) 30 mins, (c) 60 mins process duration.
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The observations made from the cross-section scanning electron microscope images are
summarized in figure 4.7 (a) and (b). It is seen that there is an increase in length and diameter of
the rods with the increase in the duration of synthesis on 100 nm thickness films. The insets show
the results for the other thicknesses. Significantly, ZnO is nanowires of diameter < 50 nm are
observed for 10 min duration of synthesis. Most significantly, aspect ratios (AR) of the order of
10 are achieved for long durations of processing. In summary, a short duration of synthesis is
essential for short-length and low-diameter nanowires/rods. An increase in length and diameter

can be achieved by increasing the duration of hydrothermal processing.
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Figure 4.7: Effect of hydrothermal processing time on the (a) length and (b) diameter of the ZnO
nanostructures grown on 100 nm thickness ZnO thin films. The insets display the effect of varying
ZnO thin film thickness on the length and diameter.

The effect of these conditions on the crystallographic texture is shown in figures 4.8 (a-b). It is
evident that crystallization occurs within 10 min of hydrothermal synthesis. At this point the ZnO
structures are polycrystalline with crystallite sizes in the range of 20-30 nm. After 60 min of
hydrothermal synthesis, the ZnO nanorods on the 100, 150 and 200 nm thin films show preferred
c-axis orientation. However, the ZnO nanorods on the 400 nm film do not exhibit any preferred
orientation. These microstructural and structural evolutions of the ZnO nanorods indicate that there
is a “memory” effect i.e. the growth patterns are sensitive to the surface morphology of the ZnO

films on which they are grown.

70



The surface of the 100 nm thin films comprises 50-60 nm sized spherical particles and there is
increase in size of particles accompanied by a change in shape (from figure 4.1 (a)-(d)) as the
thickness is increased. The porosity also appears to increase with increase in thickness. As stated
earlier, surface roughness as a contributing factor cannot be neglected. It would, thus, indicate
that the surface of the 100 nm film provides more nucleation sites for the growth of nanorods/wires
leading to the higher density and their lower diameter. The number of nucleation sites available
for growth decrease with increase in thickness as a result of increase in grain size [255]. It can,
thus, be hypothesized that the interfacial free energy (i.e. at the interface between ZnO film and
rods) is an important energy barrier that needs to be overcome for the growth of nanowires/rods.
This can also be explained within the framework of the Volmer-Weber mechanism, wherein the

growth of nanowires on thin films is determined by strain energy minimization at the interface

[275].
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Figure 4.8: X-ray diffraction patterns of hydrothermally processed ZnO at 120 “C for (a) 10 min
and (b) 60 min on ZnO thin films of different thickness as indicated.

4.3. Effect of hydrothermal synthesis temperature on the growth of nanorods and wires

The next set of growth experiments are carried out on the 100 nm thickness ZnO films to
understand the effect of increasing temperature (between 90 'C to 180 "C) at a constant duration
of 3 hrs (figure 4.9 (a)-(d)). Interestingly at 90 ‘C the growth of nanotubular structures which

transform into nanowire-like structures of diameter 50-60 nm, at a temperature of 120 °C (as
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discussed in the previous section)is observed. Further increase in temperature to 150 and 180 °C,
results in slight increase in diameter to 100 nm with lengths up to 2um, indicating AR of the order
of 20. The shape of the rods is more hexagonal than cylindrical at these temperatures. The edges
of the rods are very rough, but they are flexible as in the case of the samples synthesized at 120 °C.
The XRD patterns in all the cases shown in figure (4.10 (a) and (b)) indicate that the ZnO

nanorod/wire arrays are polycrystalline in nature with no obvious preferred orientation.
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Figure 4.9: Scanning electron microscope images of hydrothermally processed ZnO for a duration
of 3 hrs on 100 nm thickness ZnO films at (a) 90 'C, (b) 120 "C, (c) 150 'C and (d) 180 °C.
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Figure 4.10: X-ray diffraction patterns of hydrothermally processed ZnO on 100nm thickness
ZnO film showing the effect of (a) increasing duration of processing at 120°C and (b) increasing
temperature at a fixed processing duration of 3hrs.

4.4. Transmission electron microscopy of ZnO nanowires

Transmission electron microscope (TEM) imaging was carried out in a FEI G2-STwin microscope
to confirm the formation of nanowires. A typical result in Figure 4.11(a), for the sample processed
at 120 °C for 10 mins, shows a lump of ZnO-nanowires in the bright field (BF) micrograph. The
selected area diffraction pattern (SAED) aperture of a single nanowire in figure 4.11(b), the High
resolution TEM (HR-TEM) in figure 4.11(c) and the spot pattern in the SAED pattern in figure
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4.11(d) demonstrate the highly crystalline nature of the nanowires. The theoretically simulated
SAED pattern of ZnO using WebEMAPS online software and crystal structure database (ICCD
PDF: 36-1451) is shown in Figure 4.11 (d) for comparison and indexing. Incidentally, both patterns
show an exact match revealing the ZnO nanowire growth and crystallization in the hexagonal

wurtzite structure.

Figure4.11: (a) TEM Bright field image of the nanowires (b) focus on a single nanowire inside
SAED aperture, (¢) HRTEM and (d) SAED pattern of the single nanowire.
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The HRTEM (see figure 4.11 (c)) images and SAED patterns taken over several such nanowires

are in conformity with the bulk XRD result presented earlier.

4.5. Photoluminescence, Raman spectroscopy, and Optical properties of ZnO homo-
structures

It is pointed out that, since the ZnO nanostructures are grown on ZnO seed layer thin films they
are called homo-structures. In this section, the effect of process parameters on the PL, Raman and
optical spectra of the nanostructures grown on the 100 nm thickness ZnO film are examined.
ZnO is known to exhibit three PL peaks at wavelengths of 380 nm, 550 nm and 650 nm
corresponding to the UV near band-edge emission, green emission and red emission respectively
[276-278]. The UV band edge emission is attributed to the exciton—exciton scattering process from
the n=1state to the exciton continuum state (P-line). In contrast, the emission near 550 nm is
generally assigned to oxygen vacancies (Vo) [260].

The effect of increasing duration of hydrothermal processing at 120 °C on the PL spectra is shown
in figure 4.12 (a). As in the case of the thin film (chapter 3), the visible region peak centred around
550 nm is significantly more intense than the ultraviolet-near band edge (UV-NBE) peak at 378(x
2) nm after 10 min of hydrothermal process (HP). As the duration of processing increases there is
a very strong increase in the intensity of UV-NBE peak, while the intensity of the visible region
peak (at 5602 nm) does not increase that significantly. After 10 hrs of HP, in addition to the peak
at 378 nm, there are also two other peaks at 418 and 450 nm signifying the improved crystallinity
of the nanowires as well as their hexagonal nature. This is also inferred from the large blue-shift
of the defect related peak from 550 nm to 508 nm. Interestingly, when the temperature is increased
from 90 °C to 180 °C at a fixed duration of 3 hrs (figure 4.12 (b)), the intensity of the PL peak at
562(x2nm) does not change very significantly upto 150 °C, but shows a decrease thereafter at 180
°C (figure 4.12 (b)). The UV-NBE emission does not dominate over the visible PL, in this case
implying that defects are still present and contributing to the PL spectra. This is also evident from
the very intense peak at 650 nm in the case of the 90 ‘C HP sample.

Wurtzite ZnO belongs to C6V (P63mc) space group for which the possible vibrational modes [279-
286] are

Uopt=Al+2B1+E1 +2E2

where Al, E1, and E2 are Raman active and B1 is Raman forbidden.
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Figure 4.12: Photoluminescence spectra of hydrothermally processed ZnO nanostructures on 100
nm thickness ZnO films showing the effect of (a) varying duration of processing at 120 “C and (b)
increasing temperature at a fixed processing duration of 3 hrs.

In bulk samples and single crystals these appear approximately at 380 cm™(A1TO), 574 cm™ (A,
LO), 405 cm™ (E1 TO), 592 cm™ (E1 LO), and 430 cm® (Ez high). There can be shifts in the peak
position, shape and width depending on the sample conditions (crystallinity, strain, defects,
vacancies etc). Raman spectra displayed in figure 4.13 (a) for the homo-structures as a function of

increasing HP duration are very interesting due to their difference from the spectra of the thin
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films. In contrast to the thin films, there is complete absence of the second order Raman scattering
peaks (at low wavenumbers) in the case of nanowires. The most intense peak is centred around
437 cm'* characteristic of wurtzite ZnO, as stated earlier. This is also consistent with PL spectra
discussed in figure 4.12, wherein the defect related peak decreases in intensity with increase in
duration of HP. The appearance of very low intensity peaks at 569 and 579 cm™ indicates the
presence of a very small fraction of oxygen vacancies and other defects.

Interestingly, at a fixed duration of HP with increasing temperature (figure 4.13 (b)), the second
order Raman peak at 330 cm™ is very visible. In addition, the peak at 379 cm™ assigned to the Al
(TO) mode as a result of the displacement of Zn?* and O?" ions parallel to the c-axis is also
observed. Both these modes indicate that an increase in temperature for a fixed duration is not very
conducive to remove the defects. However, this result is consistent with the PL data.

The optical transmission spectra, in figure 4.14 (a), reveal that increase in duration of HP at a fixed
temperature of 120 °C results in decrease in transmission as well as optical band gap. The 10 min
HP sample has almost 60% transmission, which decreases to approximately 20% after 10 hrs of
HP. The band gap, as a consequence of increased duration of HP, decreases from 3.4 eV to 2.6 eV.
However, at a fixed HP duration of 3 hrs (figure 4.14 (b), the red-shift in band gap is much less
(from 3.4 eV to 3.1 eV) in comparison to the change observed with increase in HP duration at a
fixed temperature. Furthermore, the impact of increased temperature on optical transmission is
very limited. All these homo-structures exhibit about 40% transmission in the visible and NIR
regions. As discussed in chapter 3, there is a large density of defects in the seed layer thin films
independent of thickness (figure 3.7 (a) and (b)). It is pertinent to recall that the emission at 380
nm is attributed to the recombination of free-excitons. The broad band emission from 450 nm to
650 nm (in figure 4.12(a) and (b)) revealed the occurrence of radiative recombination of the photo-
generated hole with the electrons that belonged to the singly ionized oxygen vacancies [260]. The
broad peak (peak position and peak intensity) in the PL spectra also gives the information of defect
level distribution and its density. The peak position relates to defect level depth or nature of the
defect while the width and intensity of the emission peak reveal information on distribution of
defect types and defect density, respectively. It is, thus, evident from the intensities and position
of the PL spectra of the HP ZnO samples grown over the different thin films that the defects in the

nanowires and, as a consequence, the emission (wavelength and intensity) from them is strongly
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Figure 4.13: Raman spectra of hydrothermally processed ZnO nanostructures on 100 nm thickness
ZnO films showing the effect of (a) varying duration of processing at 120 ‘C and (b) increasing
temperature at a fixed processing duration of 3hrs.

dependent on the defects in the underlying thin films. It could be inferred that the defects propagate
into the nanowires upto a length of 1-2 microns. As the length of the nanowires increase beyond
this value, the effect of the defects on photoluminescence decreases leading to a decrease in the

defect related peak intensity and increase in the intensity of the UV-NBE peak.
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Figure 4.14: Optical transmission spectra of hydrothermally processed ZnO nanostructures on 100

nm thickness ZnO films showing the effect of (a) varying duration of processing at 120 “C and (b)
increasing temperature at a fixed processing duration of 3 hrs.

This is very interesting for LED applications based on such homo-junctions as it provides the
possibility of defect-controlled emission [271, 287-292, 293].

79



4.6. Microstructure and structure of ZnO nanostructures on Gold (Au) seed layers

The next set of growth experiments were carried out on hydrothermally processed ZnO
nanostructures, at 120°C for 3,6 and 10 hrs and 150 and 180°C for 3 hrs, on the 100 nm thickness
Au seed layers. The growth patterns of the ZnO nanostructures at 120°C for 3,6 and 10 hrs are
shown in figure 4.15 (a-c), 4.16(a-c) and 4.17(a-c) respectively. After a HP duration of 3 hrs, the
formation of hexagonal ZnO nanorods with very low density of packing is observed. The
dimension of the hexagons is of the order of 800-1000 nm and length 4-5 um (figure 4.15 (a-c)).
When the processing duration is increased to 6hrs, interestingly, the formation of hexagonal
nanotubes with sides of 800 nm and length of 4-5 um is observed (figure 4.16 (a-c)). Further
increase in HP duration to 10 hrs shows that the tubular structure is retained and there is not much
change in the dimensions in comparison to the 6hrs case. The packing density also remains low

(figure 4.17 (a-c)). It is not clear why the tubes are forming.

AR 7
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>

Figure 4.15: FESEM images of hydrothermally processed ZnO nanostructures on Au seed layer
at 120 °C for 3 hours (a-b) Cross-sectional images at different magnification and different
locations, (c) Top view.

Figure 4.16: FESEM images of hydrothermally processed ZnO nanostructures on Au seed layer
at 120 °C for 6 hours (a-b) Cross-sectional images at different magnification and different
locations, (c) Top view.
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Figure 4.17: FESEM images of hydrothermally processed ZnO nanostructures on Au seed layer
at 120 °C for 10 hours (a-b) Cross-sectional images at different magnification and different
locations, (c) Top view.

The effect of increasing temperature ( 150 °C - 180 °C) at a constant duration of 3 hours is shown
figure 4.18 (a-b) and 4.19 (a-b) respectively. There is a very significant change in the shape as well
as the packing density of the nanostructures. They now grow in the form cylindrical nanowires
that are flexible and densely packed with diameter in the order of 200-300 nm and length 6-7 pm.
As the temperature is increased to 180°C the diameter increases to 500-600 nm without much

change in the length, thereby decreasing the aspect ratio, or packing density.

Figure 4.18: (a-b) Cross-sectional FE-SEM images of hydrothermally processed ZnO
nanostructures on Au seed layer at 150°C for 3 hours at different magnification and different
locations.
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Figure 4.19: (a-b) Cross-sectional FE-SEM images of hydrothermally processed ZnO
nanostructures on Au seed layer at 180°C for 3 hours at different magnification and different

locations.

XRD patterns of the ZnO nanostructures discussed above are displayed in figure 4.20(a) over the
full range and in 4.20(b) for the range 30-37°. The diffraction peaks of Au occur at 26 values of
38.40 and 44.59°, which are indexed to the (111) and (200) planes of the FCC phase of Au (JCPDS
file no: 04-0784). All other peaks could be assigned to the wurtzite phase of ZnO with no evidence
for unreacted Zn. At durations of HP less than 10 hrs, the diffraction peaks relating to wurtzite
ZnO are dominated by the Au diffraction peaks. The XRD pattern for the 10hrs samples shows a

preferred c-axis orientation for the ZnO nanowires.
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Figure 4.20: X-ray diffraction patterns of hydrothermally processed ZnO nanostructures on Au
seed layer at 120°C with increasing duration of processing (a) for the full range of 2theta values
recorded and (b) in the range of 30-37°.
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4.7. Raman spectroscopy of ZnO nanostructures on Au seed layer

Raman spectra displayed in figure 4.21 (a) for the ZnO nanostructures on Au thin-film as a function
of increasing HP duration are very interesting due to their difference from the spectra of the thin
films. In contrast to the thin films, there is complete absence of the second order Raman scattering
peaks (at low wavenumbers) in the case of nanowires. The most intense peak is centred around

437 cm™ and 441 cm™ which is characteristic of wurtzite ZnO, as stated earlier.

Intensity (Arb.units)

T T T T T
350 400 450 500 550 600 650 700 750 800
Raman shift(cm'l)

(b) —180 °C

Intensity (Arb.units)

- L] - L]
300 400 500 600 700 800
Raman shift(cm'l)

Figure 4.21: Raman spectra of hydrothermally processed ZnO nanowires on Au seed layer (a)
increasing duration of processing at 120°C (b) increasing temperature at a fixed processing
duration of 3hrs.
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The appearance of a very low intensity peak 580 cm™ indicates the presence of a very small
fraction of oxygen vacancies and other defects. Interestingly, at a fixed duration of HP with
increasing temperature (figure 4.21 (b)), the second order Raman peak at 331 cm™ is very visible.
In addition, the peak at 380 cm™ assigned to the A1 (TO) mode as a result of the displacement of
Zn?* and O%* ions parallel to the c-axis is also observed. Both these modes indicate that an increase
in temperature for a fixed duration is not very conducive to remove the defects.

Optical transmission measurements showed that the ZnO nanostructures had <1% transmission in
the wavelength range of 200-2500 nm. This is attributed to the presence of the Au seed layer.

4.8. Microstructure and structure of ZnO nanostructures on glass substrate (Seedless
growth)

The need for a seed layer and its impact on the growth of ZnO nanostructures by hydrothermal
processing is examined in this section. The ZnO nanostructures are grown directly on the glass
substrate, termed as seedless growth, at 120°C for 3, 6 and 10 hrs and 150 and 180°C for 3hrs.
These experiments provide insight into the role of the seed layer. The cross-sectional FE-SEM
images displayed in figure 4.22 (a-c), figure 4.23 (a-c) and figure 4.24 (a-c) for the samples grown
at 1200C for 3, 6 and 10 hrs, respectively, indicate the formation of hexagonal micro-rods with
side dimensions of 1-1.5 um and length 8-10 um. The packing density of the rods is quite low. It
is also observed that several rods emerge from a single nucleating site forming microflower like

objects (see for example inset of figure 4.22(c)). Longer duration of processing leads to the

formation of tetrapods (figure 4.23 and 4.24).

Figure 4.22: FE-SEM images of hydrothermally processed ZnO micro/nanostructures at 120 °C
for 3 hours on glass substrate, (a-b) Cross-sectional images at different magnification and different
locations, (c) Top view.
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Figure 4.23: FE-SEM images of hydrothermally processed ZnO micro/nanostructures at 120 °C
for 6 hours on glass substrate, (a-b) Cross-sectional images at different magnification and different
locations, (c) Top view.

Figure 4.24: FE-SEM images of hydrothermally processed ZnO micro/nanostructures at 120 °C
for 3 hours on glass substrate, (a-b) Cross-sectional images at different magnification and
different locations, (c) Top view.

XRD patterns of the hexagonal microrod arrays synthesized at 120 “C for 3, 6 and 10 hrs are shown
in figure 4.25. For HP durations upto 6 hrs, the microrods are weakly crystalline showing only
peak in each case corresponding to the (110) and (100) planes of wurtzite ZnO at 3 and 6hrs,
respectively. However, when the HP duration is increased to 10 hrs, the microrods become
completely crystalline with prominent diffraction peaks at 26=31.64, 34.12, 36.2 and 56.6 ° which
are indexed to (100), (002), (101) and (110) planes of hexagonal wurtzite phase (JCPDS file no:
80-0074) of ZnO respectively.
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4.9. Raman spectroscopy and Optical properties of ZnO micro/nanostructures on BSG
substrate

Raman spectra are displayed in figure 4.26 (a) for the ZnO microrod structures as a function of
increasing HP duration. The second order Raman scattering peaks (at low wavenumbers) in the of

case microrods which were not visible on the Au seed layers is now evident at 332 and 385 cm™.
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Figure 4.25: X-ray diffraction patterns of hydrothermally processed ZnO microrods on glass
substrate with increasing duration of processing at 120°C.

The most intense peak is centred around 437 cm™ and 441 cm™ characteristic of wurtzite ZnO, as
stated earlier, while the peak at 580 cm™ continues to show very low intensity. Interestingly, at a
fixed duration of HP with increasing temperature (figure 4.26 (b)), the second order Raman peak
at 331 cm* and the peak at 382 cm™ assigned to the A1 (TO) mode as a result of the displacement
of Zn?* and O?* ions parallel to the c-axis are also observed. Both these modes indicate that an
increase in temperature for a fixed duration is not very conducive to remove the defects.

The optical transmission spectra, in figure 4.27 (a), reveal that increase in duration of HP at a fixed
temperature of 120 °C results in decrease in transmission as well as optical band gap. The 3 hours
HP sample has almost 75% transmission, which decreases to approximately 20% after 10 hrs of

HP. The band gap, as a consequence of increased duration of HP, decreases from 3.8 eV to 3.4 eV.
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Figure 4.26: Raman spectra of hydrothermally processed ZnO micro/nanorods on Au seed layer
(a) increasing duration of processing at 120°C (b) increasing temperature at a fixed processing
duration of 3hrs.

However, at a fixed HP duration of 3 hrs (figure 4.27 (b), the red-shift in band gap is much less
(from 3.6 eV to 3.4 eV) in comparison to the change observed with increase in HP duration at a
fixed temperature. Furthermore, the impact of increased temperature on optical transmission is
very limited. All these homo-structures exhibit about 10% - 20 % transmission in the visible and

NIR regions.
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Figure 4.27: Optical spectra of hydrothermally processed ZnO micro/nanorods on BSG substrate
(a) increasing duration of processing at 120°C (b) increasing temperature at a fixed processing
duration of 3hrs.

4.10. Discussion on the mechanisms of the growth of ZnO nanostructures

At this point it is relevant to summarize the different conditions under which the ZnO
nanostructures are grown and understand the possible mechanisms for the observed growth. The
ZnO structures are grown directly on glass substrates, Au seed layers and ZnO seed layer thin films
of thickness 100-400 nm. The hydrothermal processing is carried out at different temperatures for
a fixed duration and at a fixed temperature for different durations (all other conditions being the
same). The major observations that can be made are (1) all the nanostructures are vertically
oriented, independent of the conditions of processing and nature of underlying thin film surface;
(2) the structures are hexagonally shaped on the Au seed layer and also on glass substrates; (3) the
dimensions and shapes are significantly dependent on the nature of the underlying surface of the
seed layers and (4) the nanowires are cylindrical in nature for hydrothermal durations of <3 h.
Longer synthesis durations lead to the hexagonality of rods. However, on Au and glass substrates
the rods are hexagonal shaped independent of duration and temperature of processing. It is inferred,
from these observations, that the hexagonal shape is the equilibrium shape for the rods, i.e. given
favourable conditions it is most likely that the nanostructures will only grow in the form of
hexagonal rods, probably due to the wurtzite structure of ZnO. This is consistent with earlier
observations in literature [255]. The reasons for the formation of vertical micro/nano structures are

now discussed. It is known that the chemical reactions driving the growth of ZnO using
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hexamethylenetetramine ((CH2)sN4 or HMTA) and zinc acetate dihydrate as precursors follow the
sequence below. [272-274]
Step 1
(CH2)6N4 + 6H,0 —— 6HCHO + 4NH3
Step 2
NHz +H20 «— NH4* +OH ™
Step 3
20H "+Zn?" —— Zn(OH),
Step 4
Zn(OH)2™— ZnO + H,0
It is reported that HMTA has several functions in hydrothermal synthesis of ZnO.
HMTA
1. provides OH- ions required for the precipitation reaction

2. acts as a pH buffer.

3. generally attaches itself to the non-polar facets of ZnO exposing only the polar (001) plane
for crystal growth.

In this sequence, the growth relies on controlling the supersaturation of the reactants and depending
on the magnitude, high or low, nucleation or crystal growth occurs. An important point is the rate
of production of OH- ions. If a large number is produced in a very short duration, the Zn?* ions
will precipitate rapidly due to the high pH of the solution. As a consequence, these ions make a
negligible contribution to the nano/micro structure growth and will result in the complete
consumption of the nutrients inhibiting any further growth. Sugunan et al [274] have also
demonstrated in a controlled experiment that HMTA plays the role of a surfactant which induces
hexagonal shapes. The formation of hexagonal prism and pyramid like ZnO crystals is attributed
to the difference in the growth velocities of various crystal facets. The growth velocities under
hydrothermal conditions along the different directions are known to follow the
pattern V(0001)> V(1011)> V(1010) [294].The relative growth rate of these crystal faces will
determine the final shape and aspect ratio of the ZnO nanostructures. It is, thus, inferred in the

present study that HMTA plays an important role in the alignment, shape and crystallographic
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texture of the observed structures. It may be recalled that in the conditions used in the present
study, NaoH and KOH do not support the formation of nanowires/rods.

Comparison between ZnO and Au seeded HP of ZnO at 120°C for 30 and 180 min in figure 4.28
(a)-(d) shows that flexible nanowires form on the ZnO seed layer while the structures are more
rod-like on the Au seed layer. The nanostructures are more densely packed on ZnO than on the

metal seed layers.

Figure 4.28: Cross-sectional FE-SEM images of ZnO structures on ZnO seed layers after (a) 30
min, (b) 3 hours and Au seed layers after (c) 30 min (d) 3 hrs.

The comparison with ZnO and Au seed layers is presented in figure 4.29 (a)-(b). The arrays are
polycrystalline in nature with marginal preference towards the (100) orientation. The preferred
orientation becomes stronger with an increase in duration of HP from 30 to 180 min. It appears
from the microstructural observations that an increase in the duration of HP causes mass transport
both in-plane and out-of-plane of the substrate. However, ZnO's mass transport in the direction
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normal to the seed layer is greater, leading to a large increase in the rods and wires' length. It is
observed, in the present case, that the interface between the seed layer and ZnO is quite important.
The activation barrier for growth is much higher on the metal seed layers as evidenced by the

absence of nano/micro rods after 30 min of processing.
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Figure 4.29: XRD patterns of the ZnO structures on ZnO seed layers for (a) 30 min, (b) 3 hrs
and Au seed layers for (c) 30 min, (d) 3 hrs.

On Au seed layers no growth is observed at 30 min whereas on ZnQO there is clear evidence for the
formation of nanowires. Thus, oxide seed layers are more amenable for the growth of nanorod
arrays than metal seed layers. This point is confirmed in chapter 5 where comparison of growth
patterns on In and Sn metal and In and Sn oxides is presented.

A significant observation is that even seedless growth, directly on a glass substrate, yields

hexagonal microrods. But nanostructures are only observed on ZnO seed layers.
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4.11. Summary

In summary conventional hydrothermal synthesis has been used to grow ZnO nanostructures over
Au seed layers, ZnO seed layers and directly on glass substrates. The growth patterns are strongly
dependent on the temperature (90 °C to 180 °C) and duration of synthesis (10 min to 10 hrs) apart
from the morphology of the seed layer films. It appears that a temperature of 120 °C and duration
of 3hrs are the threshold values to obtain good quality nanostructures. At these values, ZnO grows
in the form of vertically aligned densely packed nanowire arrays on ZnO seed layers, low packing
density hexagonal nanorod arrays on Au seed layers and hexagonal microrods on the glass
substrates. XRD studies show that the nano/micro rods are polycrystalline in nature.
Photoluminescence and Raman spectroscopy studies reveal the presence of defects in the nano/
microstructures. Interestingly, the defect-related emission can be controlled by controlling
dimensions and defects in the nanowires. This is an extremely important observation for

applications. The mechanisms by which HMTA and seed layers control the growth are discussed.
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Part-4B (Microwave Hydrothermal synthesis)
Abstract (Part B)

The aim of Part 4B is to investigate if the temperature and duration at which ZnO nanowires can
be changed by using microwave assisted hydrothermal synthesis. As in the previous section, ZnO
thin films of 100-400 nm thickness and Au thin films of 200 nm thickness were deposited on glass
substrates by thermal evaporation. Due to experimental limitations, the study is restricted to 90°C
for 30 min using zinc nitrate and zinc acetate as the precursors. In contrast to the conventional
process described in Part 4A, there is a hierarchy of shapes comprising star shaped tetrapods and
ball-shapes at the microscale made up of rice grains at the nanoscale on the ZnO and Au thin films
respectively, when the precursor is zinc nitrate. The typical dimensions of the nano rice grains are
1um length, 100nm width and tips of the order of 10 nm. However, when the precursor is zinc
acetate the nanostructures grow as hexagonal rods on the ZnO films and hexagonal tetrapods on
the Au films with dimensions of 1-3 um length and hexagon side of the order of 100-150 nm.
Raman spectroscopy studies indicate the presence of defect related peaks in the nanostructures that
are suppressed with increase in thickness of the ZnO films. The intensity of the defect peaks is
much higher in the nanostructures grown on the Au films and is dependent on the precursor used
to produce the nanostructures. Photoluminescence studies indicate that the ultraviolet-near band
edge emission is the strongest on ZnO while defect related emission is prominent on the Au films.
Shape control by microwave assisted hydrothermal synthesis is, thus, a facile low temperature
method to produce nanostructures with different properties by simply changing the precursor and
substrate on which they are grown. Most significantly, even with microwave hydrothermal
synthesis, the temperature at which vertically aligned ZnO nanostructures grow, could not be

decreased.
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4.12 Background

In this part of the chapter, microwave assisted hydrothermal synthesis of ZnO nanostructures on
ZnO and Au seed layers is described. The microwave assisted hydrothermal process is carried out
at only one condition ie. 90°C for 30 min, due to experimental limitations and compared with the
conventional process at the same temperature and time. It is demonstrated even under these limited
conditions that there is a profound difference between the nano/microstructures obtained from the
two processes.

ZnO nanostructures were then synthesized on these films by the microwave assisted hydrothermal
process (MAHP). The typical sequence of steps followed in the MAHP were

1. 25mM of Zinc acetate dihydrate [Zn (O2CCHz)2(H20)2, 99.0%] or 25mM of zinc nitrate
hexahydrate [Zn(NOs)2(H20)s, 98.0%] were mixed with 25 mM of hexamethylenetetramine
(HMTA) [(CH2)sNa4, 99.0 %] to obtain an aqueous solution. The mentioned chemicals (of
Sigma-Aldrich) were used as received without any more purification. In the rest of the paper
zinc acetate di-hydrate is referred as ZnAcD and zinc nitrate hexahydrate as ZnNH

2. The substrates coated with the ZnO or Au thin films were then dipped into the aqueous

solutions

3. The process is carried out in a microwave oven (2.45 GHz) operated at 700 W at a fixed
temperature of 90 °C and duration of 30 minutes for all the cases.

4. For comparison samples were also prepared by conventional hydrothermal synthesis under

the same conditions

After processing it is ensured that no precursor residue is present using standard protocols

4.12.1 Microstructural shape evolution and crystal structure

The FE-SEM microstructural images of MAHP ZnO nanostructures synthesized using ZnNH as
the precursor on ZnO thin films of 100,150, 200, and 400 nm thickness are displayed in figure 4.30
(a)-(d). Detailed characterization of the structure and microstructure of the films was reported
earlier. It is evident from the images that the ZnO nanostructures present a hierarchy of shapes

with the appearance of star-shaped tetrapods at the micro-scale, which appear from the attachment
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of rice grain shapes at the nanoscale. The tetrapod length is 3-5 um, while each nano-rice grain is
1 pum in length, about 100 nm in width, and tip size of 5-10 nm. The hierarchy in the case of
nanostructures on Au films, in figure 4.30 (e) comprises a ball at the microscale, which emerges
from the attachment of rice grain-shaped structures at the nanoscale. The diameter of the ball is 2-
3 um, while the nano-rice grains are again 1-2 pum in length, about 100 nm in width, with a tip size
of 5-10 nm.

Figure 4.30: FE-SEM images of ZnO nanostructures showing the hierarchy of star shaped
tetrapods at the microscale and rice grains at the nanoscale on ZnO thin films of thickness (a) 100
nm, (b) 150 nm, (c) 200 nm and (d) 400 nm. The FE-SEM image in (e) corresponds to the
nanostructures on Au thin films of 100 nm thickness displaying the hierarchy of ball shape at the
microscale and rice grain shaped particles at the nanoscale. The precursor used in the MAHP in
these cases was zinc nitrate.

Evidently, the thin films on which the nanostructures appear to have an influence on the microscale
shape of the hierarchy but no impact on the shapes at the nanoscales. This is inferred from the fact
that the individual nanostructures are rice grain shaped but aggregate into tetrapods on the ZnO
films and ball shape on Au films. The increase in thickness of the ZnO film from 100-400 nm has
a very negligible effect on the shape evolution. To understand whether the precursor hydrate level
and electric dipole moments of chemical constituents have any role in determining the initial shape
of the nanostructures, the MAHP was carried out using ZnAcD as the precursor. The FE-SEM
images of the obtained nanostructures on the 100 nm thickness ZnO and Au films are shown in

figure 4.31 (a) and (b) respectively. It is clear that the hexagonal nanorods are formed on the ZnO
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thin films in contrast to hexagonal nanorod based tetrapods on the Au film. Thus, the hierarchy of
structures are seen in the case of the Au film while they are absent on the ZnO film. The most
important inference drawn from these images is that the precursor does, indeed, have a profound
influence on the shape of the nanostructures. In the case of ZnO films the nanorods are 500-700

nm in length with a side of 100 nm.

Figure 4.31: FE-SEM images of the nanostructures showing the effect of the use of zinc acetate
as the precursor on (a) ZnO and (b) Au film of 100 nm thickness in both cases. Only hexagonal
nanorods are formed on ZnO while tetrapods are formed on the Au film. (¢) The FE-SEM image
of the conventional hydrothermal processed ZnO using zinc acetate precursor on a ZnO thin film
of 100 nm thickness at the same temperature and duration as (a) and (b) clearly showing the
absence of any nanostructuring. In the case of (d) ZnO nanostructures on Au films a temperature
of 120°C and 3hrs duration was required

Interestingly, under the same processing conditions without microwave assistance there is no
evidence of nanostructuring of the ZnO on the 100 nm thick ZnO film as seen from figure 4.31
(c). In Part A it is already demonstrated that a temperature of 120°C and duration of at least 3hrs
is required on ZnO films as well as in the case of Au films by conventional hydrothermal synthesis.
Thus, microwave assistance indeed accelerates the process of nanostructuring and enables it at
lower temperature.

X-ray diffraction patterns of the ZnO star-shaped tetrapods on the ZnO films using the ZnNH
precursor are shown in figure 4.32 (a). The effect of using ZnAcD as the precursor is also shown
in the same figure. All diffraction peaks are indexed to ZnO with a hexagonal wurtzite crystal
structure using JCPDS file no — 80-0074. All XRD peaks are diffuse and broad, which indicates
the nanocrystallinity of the samples. The crystallite size increases as the ZnO film thickness

increases, with values of 12.6, 20.8, 32.2 and 32.4 nm obtained for the nanostructures grown on
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the 100, 150, 200 and 400 nm thickness films respectively, as estimated from Scherrer's formula.
The XRD pattern of the hexagonal ZnO nanorods synthesized using ZnAcD precursor does not
display any major differences from the ZnNH based nanostructures with the crystallite size being

of the order of 20 nm.
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Figure 4.32: (a) XRD patterns of the ZnO nanostructures on ZnO films obtained using zinc nitrate
as the precursor on ZnO thin films of (i) 100, (ii) 150, (iii) 200 and (iv) 400 nm thickness leading
to the formation of rice-grain shape based tetrapods; (v) on 100 nm ZnO thin film using zinc acetate
as the precursor leading to the formation of hexagonal nanorods. (b) XRD patterns of the (i)
hexagonal tetrapods using zinc acetate precursor and (ii) ball shaped nanostructures using zinc
nitrate precursor synthesized on Au thin films of 100 nm thickness.

XRD patterns of the hexagonal tetrapods achieved using ZnAcD as the precursor in figure 4.32
(b)-(i) is shown along with the diffraction patterns of ball shaped ZnO nanostructures on the Au
thin films in figure 4.32 (b)-(ii). The diffraction peaks of Au occur at 26 values of 38.40, 44.59,
64.72, and 77.83°, which could be indexed well to the (111), (200), (220), and (311) planes of the
typical FCC phase of Au (JCPDS file no: 04-0784). All other peaks could be assigned to the
wurtzite phase of ZnO with no evidence for unreacted Zn, in both cases. The crystallite size of the
nanostructures in the case of Zinc acetate and Zinc nitrate are 47.2 and 27.1 nm respectively, as

estimated from Scherrer’s formula.

4.12.2 Raman spectra, photoluminescence and optical transmission
The Raman spectra of ZnO tetrapods synthesized from the zinc nitrate precursor on ZnQO thin films
of different thickness and the hexagonal nanorods using the zinc acetate precursor are displayed
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in figure 4.33 (a). All the nanostructures exhibit the characteristic Raman peak of wurtzite ZnO at
437 cm™™. In addition there are weak peaks observed at 330 cm™, 391 cm™ and 584 cm™ which can
be attributed to the presence of different types of defects such as vacancies and interstitials, as
described in detail earlier.
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Figure 4.33: Raman spectra of (a) star shaped ZnO tetrapods synthesized using zinc nitrate
precursor on ZnO thin films of different thickness (i)100,(ii)150, (iii) 200, (iv) 400 nm and (V)
hexagonal nanorods on ZnO thin film of 100 nm thickness using the zinc acetate precursor. (b)-(i)

hexagonal tetrapods produced using zinc acetate precursor and (ii) ball shaped ZnO nanostructures
synthesized using zinc nitrate on Au thin film of 100 nm thickness.

The Raman spectra of ZnO hierarchical structures on Au synthesized by ZnAcD and ZnNH
displayed in Figure 4.33 (b)-(i) and (ii) respectively also display a strong Raman peak at 437cm™,
mentioned earlier. However, there is considerable weakening of the defect related peaks at 330,
377 and 580 cm™ in the case of the ZnNH precursor. In contrast, the peak at 580 cm™ is fairly
intense in the case of the ZnacD precursor; there is a slight shift in the wavenumbers at which the
peaks occur on ZnO and Au thin films indicating the presence of stress between the film and
nanostructures.

The photoluminescence (PL) spectra of the nanostructures on ZnO thin films are shown in figure
4.34 (a). The spectra are characterized by a strong UV- near band-edge emission of ZnO centered
around 376-380 nm. In addition, there are peaks at 419, 442, 505 and 543 nm which can be
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attributed to the presence of defects. The defect related peaks decrease in intensity with increase

in thickness of the ZnO films and change in precursor from ZnNH to ZnAcD.
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Figure 4.34: Photoluminescence spectra of (a) star shaped ZnO tetrapods synthesized using zinc
nitrate precursor on ZnO thin films of different thickness (i)100, (ii)150, (iii) 200, (iv) 400 nm and
(v) hexagonal nanorods on ZnO thin film of 100 nm thickness using the zinc acetate precursor.
(b)-(i) hexagonal tetrapods produced using zinc acetate precursor and (ii) ball shaped ZnO
nanostructures synthesized using zinc nitrate on Au thin film of 100 nm thickness.

In the case of the nanostructures grown on the Au films (figure 4.34 (b)), similar to ZnO films, the
most intense peak occurs at a wavelength of 378 nm and is attributed to the UV-NBE. Additional
weak intensity peaks appear at 411, 436 and 505 nm. However, in contrast to the previous case,
the hexagonal tetrapods display a fairly intense and broad emission centered around 593 nm which
is absent for the ball shaped nanostructures. This indicates that the hexagonal tetrapods have a
large number of defects which is consistent with the observations of the Raman spectra discussed
earlier. The Raman and PL spectra indicate that the nanostructures, derived from zinc nitrate
precursor, are relatively defect free while those synthesized using the zinc acetate precursor

contain a large number of defects most likely due to oxygen vacancies.

The optical transmission spectra of the nanostructures on ZnO thin films of different thickness and
nanostructures on ZnO thin film of 100 nm thickness synthesized using ZnAcD precursor are
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shown in figure 4.35 (a). At a wavelength of 600 nm, the transmission on the of the star shaped
tetrapod nanostructures produced with the ZnNH is of the order of 80% on the 100 nm thickness
film which decreases to 55% for the 400 nm film. The hexagonal nanorods synthesized using
ZnAcD show a much lower transparency of 48% at 600 nm. All the films display a sharp fall in
transmission at a wavelength of ~330 nm corresponding to the optical band gap of ZnO. The ball-
shaped and hexagonal tetrapod structures, in figure 4.35 (b), in contrast show a very low

transmittance probably due to the very low transmission of the Au thin films on which they are

grown.
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Figure 4.35: Optical transmission spectra of (a) star shaped ZnO tetrapods synthesized using zinc
nitrate precursor on ZnO thin films of different thickness (i)100, (ii)150, (iii) 200, (iv) 400 nm and
(v) hexagonal nanorods on ZnO thin film of 100 nm thickness using the zinc acetate precursor.
(b)-(i) hexagonal tetrapods produced using zinc acetate precursor and (ii) ball shaped ZnO
nanostructures synthesized using zinc nitrate on Au thin film of 100 nm thickness.

4.13 Role of different parameters on shape evolution

It is pertinent to note at this point that the microwave power, temperature of processing and
duration are fixed for the synthesis of all the nanostructures. The only parameters that are varied
are the precursor type (i.e. zinc nitrate or zinc acetate) and the films on which they are grown (ZnO
or Au). In the case of ZnO films, the thickness is also varied. However, the FE-SEM images
presented in figure 4.28 indicate that, there is not much effect of the thickness on the basic shape
of the nanostructures. It is also evident that, independent of their shape and thickness of films on
which they are grown, the nanostructures are polycrystalline with no preferred crystalline

orientation. Significantly, independent of the shape, all the nanostructures are nanocrystalline in
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nature. There are previous reports in literature that suggest that the shapes of the formed
nanostructures are nucleated in solution. The role of microwave assistance is primarily to
accelerate the process of nanostructuring. Both zinc nitrate and zinc acetate are known to yield
shapes such as rice grain shapes, hexagonal rods, needles, balls and tetrapods in microwave
hydrothermal synthesis [295-306, 272]. To understand this, the shape evolution can be traced to
the chemical reactions that lead to the formation of ZnO, as stated in Part A. The first step is the
decomposition of HMTA ((CH2)sNa ) to yield 4NHs which then reacts with water to form NH**
and OH"ions. The zinc precursors then react with the OH- ions to form Zn(OH)4? which then leads
to the formation of ZnO. The role of HMTA is crucial in shape forming as it attaches to the non-
polar facets of ZnO exposing only the polar (001) plane for crystal growth. Furthermore, in
microwave assisted processes a large number of OH" ions will be produced in a short time resulting
in fast precipitation of Zn?* ions. Due to this, they do not contribute significantly to the shape
forming process.

Different shapes of nanostructures in ZnO produced by microwave hydrothermal synthesis have
been reported using zinc nitrate and zinc acetate as the precursors and NaOH, KOH, CTAB and
HMTA to aid the nanostructuring process. There are only limited studies that compare the shape
evolution of ZnO nanostructures, as done in the present study, using two different precursors
keeping all other growth parameters fixed. Cho et al [300] showed that Zinc nitrate precursor based
nanostructures evolve in the form of rods because of the higher growth rate along the [0001]
direction whereas. In the ZnO structure, the polar zinc and oxygen centres are tetrahedral in nature
and there are six symmetric non-polar [1010] planes which are parallel to the [0001] direction and,
if growth along these planes is reduced with respect to the [0001] direction, then needles or rice-
grain shaped nanostructures form. Furthermore, the star shaped tetrapods could be the result of a
large number of Zn(OH)4> being generated in a short time. This is the probable explanation for
the growth of star shaped tetrapods using the ZnNH. It has also been shown that the formation of
hexagonal discs is promoted when growth along the six symmetric planes occurs at the expense of
the growth in the [0001] direction, hexagonal discs form which possibly leads to the formation of
nano-hexagonal rods using ZnAcD precursor on the ZnO film. The nucleation of the shape, thus,
occurs in solution due to contributions from the chemical reactions and microwave radiation.
Interestingly, in the case of both precursors (ZnNH and ZnAcD) the micro-scale shapes are

different on the Au film. The zinc nitrate precursor leads to the formation of micro-ball shaped
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structures while zinc acetate precursors results in the formation of hexagonal rod based tetrapods
as against the rice grain shaped tetrapods and hexagonal rods on the ZnO film. This points to the
role of the thin film surface in determining the final shape. Oriented attachment and coarsening
are two process that are commonly cited as driving nanoparticle growth [307-310]. It is
hypothesized that subsequent to nucleation of the basic shape, oriented attachment enables the
nanostructures to retain the shape as the dimension increases. The increase in dimension itself is
facilitated by the process of coarsening. Thus, it is possible that the film provides a low free energy
surface that aids in retaining the shapes that are first nucleated and subsequent oriented attachment
and coarsening processes. A schematic view of the process of nanostructuring is shown in figure
4.36.
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HMTA
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Figure 4.36: A schematic view of the process of nanostructuring.

The Raman and PL spectroscopy studies also indicate that the nanostructures on ZnO films have
higher level of defects than the nanostructures on Au films. In addition, the PL spectra of
nanostructures on ZnO are dominated by the UV-near band edge emission while those on Au films
comprise both the UV peak and the defect related peak in the visible region. This is an important
result from the applications perspective since the emission spectrum can be controlled by simply
changing the substrate on which the nanostructures are given without changing any processing

parameter. It would, thus, appear that the microwave assisted hydrothermal process lowers the
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temperature and duration required for forming ZnO nanostructures, in comparison to the
conventional process. It also leads to the formation of a hierarchy of structures which was not
observed in the conventional process. However, given the limitations on experimentation, it was
not possible to establish the temperature and duration of processing at which vertical alignment

occurs.

4.14 Summary

In summary, the shape evolution of ZnO nanostructures produced on ZnO and Au thin films by
microwave assisted hydrothermal processing is reported. A hierarchy of shapes that include rice-
grain shaped particles at the nanoscale which assemble to form star shaped tetrapods, hexagonal
rods that form hexagonal rod shaped tetrapods and micro-balls that emerge from clustering rice-
grain shaped particles is obtained. The nanostructuring is controlled by a combination of
microwave assistance, precursor used (zinc nitrate hexahydrate or zinc acetate dihydrate) and the
thin films on which they are grown. The role of each of these parameters is elaborated. Raman and
photoluminescence studies indicate the presence of defects which are both shape and thin film
surface dependent. The photoluminescence spectra are dominated by the UV-near band edge
emission and defect peaks that are shape dependent. The present study thus, provides, a simple
technique to synthesize device quality nanostructures with controllable optical properties without
the need to change many processing parameters. As a first approximation, it can also be inferred
that the microwave assistance accelerates the process of nanostructuring and may be more suitable

for applications involving flexible substrates.
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Chapter
5

Effect of different metal and metal oxides
seed layers on the growth and wettability
of ZnO nano/ micro structures

Parts of this chapter were published in the paper: Y. Rajesh, D. D. Purkayastha, M. Ghanashyam
Krishna, Seed layer mediated wettability and wettability transition of ZnO nano/micro-rod arrays,
Journal of Alloys and Compounds, 857, 157617 (2021).
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Abstract

In this chapter, an overall comparison of the growth of ZnO nano/micro rod arrays (NMRA) on
different metals (In, Sn and Au) and different metal oxides (In,O3, SnO2-x and ZnO) is presented.
The objective is to establish whether a metal seed layer or metal oxide layer is better suited for the
growth of ZnO NMRAs.These studies indicate that metal oxide seed layer thin films are more
suited for the growth of nanowire arrays and even among the metal oxides, ZnO is the most
favourable oxide. In the case of metals, the structures grow in the form of hexagonally shaped
micro-rod arrays with low packing density. All the rod arrays grow preferentially along the (100)
direction. Photoluminescence and Raman spectroscopy of the structures on oxidized In and Sn
exhibit fewer oxygen vacancies and defects in comparison to Au and ZnO seeded structures.
Wettability studies indicate that all the arrays are hydrophobic in nature, the arrays are
superhydrophobic on ZnO with a contact angle of 150.4°. There is a rapid transition to the
hydrophilic/superhydrophilic state under the influence of UV irradiation. The transition is fastest
on ZnO seed layers followed by oxidized indicate that all the arrays are hydrophobic in nature, the
arrays are superhydrophobic on ZnO with a contact angle of 150.4°. There is a rapid transition to
the hydrophilic/superhydrophilic state under the influence of layers, suggesting promise for self-

cleaning applications.
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5.1. Background

In this chapter the main objectives are to grow ZnO nano/micro rod arrays (NMRAS) by
hydrothermal process (HP) on different metal and metal oxide thin film seed layers and investigate
their effect on the wettability. The metal layers are Au, In and Sn while the oxide layers are In, Sn
and Zn oxides. The In and Sn oxides are prepared by post-deposition annealing of the
corresponding metal layers. In contrast, the ZnO films are prepared directly by vacuum thermal
evaporation of a ZnO source, followed by annealing. A study of (1) the hydrothermal growth of
ZnO nanostructures on non-patterned as-deposited and annealed In and Sn seed layers and (2) their
wettability and wettability transitions under UV irradiation has not been reported in literature,
earlier. The NMRAs are characterized using scanning electron microscopy, x-ray diffractometry,
photoluminescence Raman spectroscopy and water contact angle measurements.

Indium (In, 10 -50 nm thickness), Tin (Sn, 10 -50 nm thickness), and ZnO (100 nm thickness) thin
film seed layers were deposited using thermal evaporation on glass substrates. The as-deposited
metal seed layers are heat treated as follows: (1) Indium layer is annealed at 200° C for 2hours (2)
Tin layer is annealed at 300° C for 2hours and (3) ZnO layer is annealed at 400°C for 2 hours in
air. In the rest of the chapter the as-deposited In layer is identified as InA, the heat-treated layer as
InO. Similarly, the as-deposited tin layer is identified as SnA and the heat-treated layer as SnO.
The hydrothermal process of ZnO structures grown on these seed layers involves the following
steps: An aqueous solution containing each of 25 mM Zinc acetate dehydrate
[Zn(02CCH3)2(H20)2, 99.0%] is mixed with 25 mM hexamethylenetetramine (HMTA) [(CH2)sNa,
99.0 %]. The seeded substrates are dipped into above said aqueous solutions at growth temperature
of 120 °C for 30 and 180 minutes. The durations are fixed based on the results described in chapter
4.

5.1.1. Growth patterns and crystallographic texture of ZnO structures

The cross-sectional SEM images of the hydrothermal processed (HP) ZnO on 10 nm
thickness InA and InO thin films and grown at 120°C for 30 min and 180 min is shown in figure
5.1 (a)-(d). It is evident from these figures that after 30 min of HP, the ZnO grows only in the form
of a layer on InA. However, after 180 min. there is clear growth of vertically aligned rod arrays.

The rods are cylindrical in nature and vertically aligned at different angles. The diameter of the
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rods is of the order of 500-1000nm with lengths between 10-15 um indicating a very high aspect
ratio (ranging from 10 to 30).

Figure 5.1: Cross-sectional SEM images of ZnO hydrothermally synthesized on 10 nm thickness
as-deposited In metal thin film at 120 °C for (a) 30 min, (b) 3 hrs. and annealed In metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.

Similar to the InA thin film, even on the InO thin film the growth of ZnO nanorods is inhibited for
30 min as observed in figure 5.1(c) from which it is evident that the diameter is of the order of 1
pum but the length is only 5-7 um. However, after 180 min there is an increase in length of the rods
to 10-15 um without significantly affecting the diameter (figure 5.1(d)).

The cross-sectional SEM images of the HP ZnO on 20 nm thickness InA and InO thin films and
grown at 120°C for 30 min and 180 min is shown in figure 5.2 (a)-(d). It is evident from these
figures that after 30 min of HP the ZnO grows only in the form of a layer on InA. However, after
180 min. there is clear growth of vertically aligned rod arrays. The rods are hexagonal and
cylindrical in nature and vertically aligned at different angles. The diameter of the rods is of the
order of 500-1000nm with lengths between 10-15 pum. Similar to the InA thin film, even on the
InO thin film the growth of ZnO nanorods is inhibited for 30 min as observed in figure 5.2(c) from
which it is evident that the diameter is of the order of 1 um but the length is only 5-6 um. However,
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after 180 min there is an increase in length of the rods to 15-20 um without significantly affecting
the diameter (figure 5.2(d)).

Figure 5.2: Cross-sectional SEM images of ZnO hydrothermally synthesized on 20 nm thickness
as-deposited In metal thin film at 120 °C for (a) 30 min, (b) 3 hrs, and annealed In metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.

The cross-sectional images of the ZnO structures on 30 nm, 40 nm and 50 nm thickness InA and
InO films are displayed in figure 5.3 (a)-(d), 5.4 (a)-(d) and 5.5 (a)-(d) respectively. It is evident
from figures 5.3, 5.4 and 5.5 that increase in thickness of the InA and InO films leads to increased
packing density of the rods. The rods appear to be more hexagonal than those on the 10 nm
thickness films, indicating initiation of faceting and in the case of InO 3hrs the rods shows
cylindrical shapes. The cross-sectional images of the ZnO structures on 10 nm and 20 nm thickness
SnA and SnO thin films are shown in figure 5.6 (a)-(d) and 5.7 (a)-(d). It is evident that ZnO
nanorods do not form after 30 min of synthesis on as-deposited and annealed Sn metal layers
(figure 5.6 (a) and (c)- 5.7 (a)). Synthesis duration of 3 hrs results in initiation of randomly aligned
nanorods on Sn thin films (figure 5.6 (b) 5.7 (b)) whereas on SnO thin films, in figure 5.6 (d)-5.7
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(d), there is clear evidence for the growth of cylindrical nanorods of 15-20 um length and

approximately 1-1.5 um diameter.

Figure 5.3: Cross-sectional SEM images of ZnO hydrothermally synthesized on 30 nm thickness
as-deposited In metal thin film at 120 °C for (a) 30 min, (b) 3 hrs, and annealed In metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.

Figure 5.4: Cross-sectional SEM images of ZnO hydrothermally synthesized on 40 nm thickness
as-deposited In metal thin film at 120 °C for (a) 30 min, (b) 3 hrs, and annealed In metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.
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Figure 5.5: Cross-sectional SEM images of ZnO hydrothermally synthesized on 50 nm thickness
as-deposited In metal thin film at 120 °C for (a) 30 min, (b) 3 hrs, and annealed In metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.

It is clear that both diameter and length increase with duration but the increase in length with
duration of HP is much greater than diameter. Further increase in thickness of the SnA and SnO
films to 30, 40 and 50 nm has a profound effect on the nature of the ZnO rod arrays as observed
from figures 5.8 (a)-(d),5.9 (a)-(d) and 5.10 (a)-(d). In contrast to the case of ZnO structures on
InA and InO films, the rod density on SnA and SnO films decreases as the thickness is increased.
However, in contrast to the InA and InO case, there is no hexagonalization of the rods at higher
thickness of the underlying SnA and SnO films.It is clear that the activation barrier for growth on
metal seed layers is grater than that on oxide layers. This inference is drawn from the fact that, on
annealed In and Sn as well as ZnO seed layers, vertically aligned rods are observed after a much
shorter processing duration. It also appears that a 10 nm thickness InA/ InO or SnA/ SnO film is

sufficient to support the growth of good quality ZnO nano/micro rod arrays.
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Figure 5.6: Cross-sectional SEM images of hydrothermally synthesized ZnO on 10 nm thickness
as-deposited Sn metal thin film at 120 °C for (a) 30 min, (b) 3 hrs, and annealed Sn metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.

Figure 5.7: Cross-sectional SEM images of hydrothermally synthesized ZnO on 20 nm thickness
as-deposited Sn metal thin film at 120 °C for (a) 30 min, (b) 3 hrs and annealed Sn metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.
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Figure 5.8: Cross-sectional SEM images of hydrothermally synthesized ZnO on 30 nm thickness
as-deposited Sn metal thin film at 120 °C for (a) 30 min, (b) 3 hrs, and annealed Sn metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.

Figure 5.9: Cross-sectional SEM images of hydrothermally synthesized ZnO on 40 nm thickness
as-deposited Sn metal thin film at 120 °C for (a) 30 min, (b) 3 hrs, and annealed Sn metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.
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Figure 5.10: Cross-sectional SEM images of hydrothermally synthesized ZnO on 50 nm thickness
as-deposited Sn metal thin film at 120 °C for (a) 30 min, (b) 3 hrs, and annealed Sn metal thin film
at 120 °C for (c) 30 min, (d) 3 hrs.

X-ray diffraction patterns of the HP ZnO on 10 nm, 20 nm 30 nm, 40 and 50 nm thickness InA,
InO, SnA and SnO thin films are displayed in figures 5.11 (a)-(d), 5.12 (a)-(d), 5.13 (a)-(d), 5.14
(a)-(d), and 5.15 (a)-(d). Similarly, the crystallographic texture of each thickness seed layers of the
HP ZnO on the SnA and SnO seed layers is presented in figures 5.16 (a)-(d), 5.17 (a)-(d), 5.18 (a)-
(d), 5.19 (a)-(d) and 5.20 (a)-(d).

The texture coefficient of the (100) peak on InA is of the order of 0.55 while it is 0.38 on the InO
seed layer at thickness of 10 nm. The corresponding texture coefficient values are 0.44 and 0.23
on the 10 nm SnA and SnO seed layers. In the case of the ZnO seed layers the values are 0.53 and
0.20 respectively for 3hrs and 30 min synthesis. The crystallite size is of the order of 60-70 nm in
all cases. The more interesting observation was that the strain was tensile in nature, on all the seed
layers. Both In and Sn crystallize in the body centred tetragonal structure with lattice parameters
of a=b= 3.25A, c= 4.94 A and a=b= 5.83A c= 3.18 A respectively. The rhombohedral form of

Indium oxide has a lattice parameter of a=b= c=5.48A while tin oxide crystallizes in the rutile
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structure with lattice parameters of a=b= 4.75 and c=3.18 A respectively. The lattice parameters

of wurtzite ZnO are a=3.290, c=5.241A. Clearly the origin of strain in the ZnO structures is the

(d)

In,0, (222)
In,0, (400)

In,0, (422)

- (b)

n0-(002).

“Zn
== ZnO (101):::
ZnO (100)

ZnO (100)

Intensity (Arb. units)
b
Intensity (Arb. units)

£ ZnO-(002)

25 30 35 40 45 50 o 0 ® 0 %%
2 Theta (Degrees)
2 Theta (Degrees)

Fig: 5.11 (left panel): XRD patterns of the ZnO structures on 10nm of InA seed layers for (a)
30mins (b) 3hrs; InO seed layers for (c) 30 min (d) 3hrs.

Figure 5.12 (right panel): XRD patterns of the ZnO structures on 20nm of InA seed layers for (a)
30mins (b) 3hrs; InO seed layers for (c) 30 min (d) 3hrs.
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Figure 5.13 (Left panel): XRD patterns of the ZnO structures on 30 nm of InA seed layers for
(@) 30mins (b) 3hrs; InO seed layers for (c) 30 min (d) 3hrs.

Figure 5.14 (right panel): XRD patterns of the ZnO structures on 40nm of InA seed layers for (a)
30mins (b) 3hrs; InO seed layers for (¢) 30 min (d) 3hrs.
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Fig: 5.15: XRD patterns of the ZnO structures on 50nm of InA seed layers for (a) 30mins (b)
3hrs; InO seed layers for (¢) 30 min (d) 3hrs.

large lattice mismatch between the seed layers and ZnO. It is probable that the strain induces
polycrystallinity as well the randomly aligned nanorods in many of the cases. The alignment on

ZnO seed layers is more uniform possibly because of the lattice matching.
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Figure 5.16 (Left panel): XRD patterns of the ZnO structures on 10 nm of SnA seed layers for
(@) 30mins (b) 3hrs; SnO seed layers for (c) 30 min (d) 3hrs.

Figure 5.17 (right panel): XRD patterns of the ZnO structures on 20 nm of SnA seed layers for
(@) 30mins (b) 3hrs; SnO seed layers for (c) 30 min (d) 3hrs.
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Figure 5.18 (Left panel): XRD patterns of the ZnO structures on 30 nm of SnA seed layers for
(@) 30mins (b) 3hrs; SnO seed layers for (c) 30 min (d) 3hrs.

Figure 5.19 (right panel): XRD patterns of the ZnO structures on 40nm of SnA seed layers for
(@) 30mins (b) 3hrs; SnO seed layers for (c) 30 min (d) 3hrs.
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Figure: 5.20 XRD patterns of the ZnO structures on 50 nm of SnA seed layers for (a) 30mins (b)
3hrs; SnO seed layers for (c) 30 min (d) 3hrs.

As discussed in chapter 4, HMTA plays an important role in the alignment, shape and
crystallographic texture of the observed structures. It is also observed that the interface between
the seed layer and ZnO is quite important. This is particularly evident when the seed layers of In
and Sn are pre-annealed to form oxides, prior to the HP process. The activation barrier for growth
is much higher on the metal seed layers as evidenced by the absence of nano/micro rods after 30

min of processing. On the pre-annealed seed layers, in contrast, even at 30 min there is evidence
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for the formation of nano/micro rod arrays. The growth patterns on Au and ZnO confirm this
observation. On Au seed layers no growth is observed at 30 min whereas on ZnO there is clear
evidence for the formation of nanowires. Thus, oxide seed layers are more amenable for the growth

of nanorod arrays than metal seed layers.

5.2 Raman spectroscopy

The Raman spectra of ZnO at different thickness on InA, InO seed layers are shown in figures 5.21
(a)-(c). In the present case, on the In metal seed layer for 3hrs, the most intense peak appears at
437cm™ and is assigned to the E, high mode. There can be shifts in the peak position, shape and

width depending on the sample conditions (crystallinity, strain, defects, vacancies etc.).
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Figure 5.21: Raman spectra of ZnO NMRAs different thickness of InA seed layer for (a) 3hrs.
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Figure 5.21 (b): Raman spectra of ZnO NMRAs different thickness of InO seed layer for (b) 30
mins, and (c) 3hrs.

Similarly, the Raman spectra of ZnO at different thickness of SnA, SnO seed layers are shown in
figures 5.22 (a)-(c). Itis observed on the Sn metal seed layer for 3hrs, the most intense peak appears

at 437cm™ and is assigned to the Ez high mode.
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Figure 5.22: Raman spectra of ZnO NMRAs different thickness of SnA seed layer for (a) 3hrs.
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Figure 5.22: Raman spectra of ZnO NMRAs different thickness of SnO seed layer for (b) 30 mins.
(c) 3hrs.

The Raman spectra of ZnO NMRAs on ZnO and Au seed layers are shown in figures 5.23 (a)-(c).
The peaks at 329, 377 and 569 cm™ are assigned to the B1 low, Ezn-EzL and E1LO modes. The
appearance of the mode at 569 cm™, although relatively low in intensity, signifies the presence of
oxygen vacancies. These peaks appear even in the case of the ZnO structures grown on InO for 30
min with one exception. The peak at 569 cm™ is suppressed and there is a relatively low intensity
peak at 563 cm™. As the duration of hydrothermal synthesis on InO is increased to 3hrs the same
set of peaks appears but it is accompanied by decrease in the intensity of peak at 563 cm™ and
suppression of the peak at 569 cm™. The Raman spectra of ZnO grown on SnA and SnO seeds at
120°C for 30 min and 3hrs are very similar to those on InA and InO seed layers. However, there
is one major difference which is the complete absence of the peaks between 569-578 cm. It would
thus appear that oxygen vacancies are fewer in the ZnO structures grown on SnA and SnO seed
layers.

In the case of the ZnO structures grown on the ZnO seed layer (figure 5.23(b) and (c)), the most
intense peak appears at 439-441 cm™* for the nanostructures grown on top which is assigned to the
E> high mode [279-286]. An interesting aspect is that the ZnO structures grown on the Au seed
layer displayed a very intense peak at 437 cm™ assigned to the E, high mode at 3hrs of
hydrothermal synthesis (figure 5.23(a)). In addition there are peaks at 331, 380, 546, 576 and 664
cm™ which are assigned to the B1 low, Ezn-E2 , B1 high, E1LO and transverse acoustic (TA),
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longitudinal acoustic (LA) modes, respectively. Evidently there is a significant fraction of oxygen

vacancies and defects in these samples.
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Figure 5.23: Raman spectra of ZnO structures on, Au seed layer for (a) 3hrs, and ZnO seed layer
(b) 30 mins hrs, (c) 3hrs.

It is evident that the intensity of the EoH mode is maximum independent of seed layer type. The
A1(TO) mode that appears between 376-380 cm™ is known to be a result of the displacement of
Zn?* and O? ions, parallel to the c-axis. For example, A; (LO) mode seen at 571-577 cm™
corresponds to the presence of Vo, Zn; and free carriers in the compounds. An irregular shift of
the A1(LO) mode is mainly associated with the variation of the V, defects. Finally, the weak hump
appearing in the range of 638-668 cm™ is identified as an intrinsic mode for ZnO nanostructures
originating due to the intrinsic defects such as Vo, Zn;j and oxygen antisites (OZn) [260, 311]. It is
also expected that phonon confinement and non-stoichiometry related effects would be present in
the Raman spectra of nanostructures. In addition, defects, such as vacancies [312] and stacking
faults are very common in ZnO and they can affect the Raman peak positions and widths at the
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nanoscale [313-314, 54)]. It is also reported that surface stresses at large surface-to-volume ratio
can affect Raman peak positions and widths. Evidently the Raman spectra demonstrate the
presence of oxygen related defects/vacancies. However, it appears that the defect related peaks are
weaker in intensity on the In and Sn seeded layers (as-deposited and annealed) in comparison to
the ZnO and Au seed layers. This has a profound effect on photoluminescence as discussed in the

next section.

5.3. Photoluminescence

The PL spectra of the ZnO nanostructures at different thickness on the InA and InO seed layers
(figure 5.24 (a)-(c)), (figure 5.25(a)-(c)), (figure 5.26 (a)-(c)), (figure 5.27 (a)-(c)) and (figure 5.28
(a)-(c)) exhibit only a very high intensity near band edge emission peak at a wavelength of 380-

383 nm with less defects related emission.
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Figure 5.24 (left panel): Photoluminescence spectra of ZnO structures on 10 nm, InA seed layer
for (a) 3hrs, InO seed layer for (b) 30 min, (c) 3 hrs.

Figure 5.25 (right panel): Photoluminescence spectra of ZnO structures on 20 nm, InA seed layer
for (a) 3hrs, InO seed layer for (b) 30 min, (c) 3 hrs.
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Figure 5.26 (left panel): PL spectra of ZnO structures on 30 nm thickness InA thin film for (a)
3hrs; InO thin film for (b) 30 min, (c) 3 hrs.

Figure 5.27 (right panel): PL spectra of ZnO structures on 40 nm thickness InA thin film for (a)
3hrs; InO thin film for (b) 30 min, (c) 3 hrs.
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Figure 5.28: Photoluminescence spectra of ZnO structures on 50 nm, InA seed layer for (a) 3hrs,
InO seed layer for (b) 30 min, (c) 3 hrs.

Similarly, in the case of SnA and SnO seed layers study it is observed that the ZnO nanostructures
at different thickness on the SnA and SnO seed layers (figure 5.29 (a)-(c)), (figure 5.30(a)-(c)),
(figure 5.31 (a)-(c)), (figure 5.32 (a)-(c)) and (figure 5.33 (a)-(c)) exhibit only a very high intensity

near band edge emission peak at a wavelength of 380-386 nm with less defects related emission.
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Figure 5.29: (left panel): Photoluminescence spectra of ZnO structures on 10 nm, SnA seed
layer for (a) 3hrs, SnO seed layer for (b) 30 min, (c) 3 hrs.

Figure 5.30: (right panel): Photoluminescence spectra of ZnO structures on 20 nm, SnA seed
layer for (a) 3hrs, SnO seed layer for (b) 30 min, (c) 3 hrs.
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Figure 5.31: (left panel): Photoluminescence spectra of ZnO structures on 30 nm, SnA seed layer
for (a) 3hrs, SnO seed layer for (b) 30 min, (c) 3 hrs.

Figure 5.32: (right panel): Photoluminescence spectra of ZnO structures on 40 nm, SnA seed
layer for (a) 3hrs, SnO seed layer for (b) 30 min, (c) 3 hrs.
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Figure 5.33: Photoluminescence spectra of ZnO structures on 50 nm, SnA seed layer for (a)
3hrs, SnO seed layer for (b) 30 min, (c) 3 hrs.

This is also true for the SnA seed layers all the case (a), on which the ZnO nanostructures exhibit
strong near band edge emission. In the case of the SnO seed layers (b) and (c) this peak which is
very broad after 30 min of HP increases in intensity and decreases in width after 3hrs of HP.

In contrast, on the ZnO and Au seed layers, apart from the near band edge emission there is
evidence for the presence of defect related emission(figure 5.34 (a)-(c)). It is only in the cases of
ZnO nanostructures on the Au, and ZnO seed layers there is evidence for the appearance of weak
shoulders at 383, 410, 438 and 461 nm, approximately.
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Figure 5.34: Photoluminescence spectra of ZnO structures on Au seed layer for, (a) 3 hrs; ZnO
seed layer for (a) 30 min, (b) 3hrs.

Similar splitting in the UV band has been reported earlier [260, 315-317]. The broadening and
splitting has been correlated with decrease in grain size leading to quantum confinement effects.
It has also been reported that the violet emission originates due to the zinc interstitials (Zn;) in the
interface traps or Zn vacancy related defects [318-320].

In the case of 10 nm, it is observed that the ZnO NMRASs on the InA seed layers for 3hrs and InO
seed layer for 30 min figure 5.24 exhibit a UV-NBE emission peak at a wavelength of 381nm. The
ZnO NMRAs on InA seed layers display a weak hump at 438 nm and an additional defect related
peak centred around 560 nm. Interestingly, this peak has very low intensity on the InO seed layers.
The ZnO NMRAs grown on the InO seed layers for 30 min exhibit a weak peak at 530 nm and
broadening of the UV-NBE peak. When the synthesis duration is increased to 3hrs, this broad UV-
NBE peak appears as a shoulder at 381 nm and is accompanied by splitting with features at 411,
438 and 468 nm. The PL spectra for ZnO NMRAs on SnA and SnO seed layers are shown in
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(figure 5.29). The ZnO NMRAs on SnA seed layers for 3hrs display a high intensity UV-NBE
peak at 381 nm, a defect related peak centred around 560 nm and a weak hump at 435 nm. In the
case of ZnO NMRAs on SnO seed layers, synthesized for 30 min., the UV-NBE peak is very broad
and centred around 390 nm. A low intensity peak at 532 nm is also observed. As the synthesis
duration is increased to 3hrs, the UV-NBE peak at 386 nm is narrow and there is also evidence for
splitting of the peak with features at 435 and 460 nm. However, the peak in the visible region is
not observed. In contrast, on the ZnO seed layers (figure 5.34 (b)-(c)) for a synthesis duration of
30 min, the UV-NBE peak appears at 378 nm and the peak in the visible region is broad, being
centred around 595 nm. The ZnO NMRAs synthesized on ZnO seed layers for 3hrs show a peak
at 376 nm corresponding to the UV-near band edge emission. And also, on the Au seed layers
(figure 5.34 (a)) for a synthesis duration of 3hrs the UV-NBE peak appears at 382 nm and the peak
in the visible region is broad being centred around 595 nm. There are additional features at 410
and 438 nm and a strong peak centred around 560 nm. Thus, in the case of InA and SnA seed
layered ZnO NMRA s there are two strong features; one corresponding to the UV- near band edge
emission and the other related to oxygen vacancies in the visible region. In the case of InO and
SnO seed layers while the UV-NBE feature is observable, the peak in the visible region is
suppressed. However, this is accompanied by splitting and broadening of the UV-NBE peak. The
PL spectra on ZnO seed layers also exhibit strong UV-NBE related peak, independent of the
synthesis duration. However, the peak in the visible region blue-shifts and becomes narrower. In
addition, there is splitting of the UV-NBE peak after 3hrs of synthesis. It can, thus, be generalized
that longer duration of synthesis leads to splitting of the UV-NBE peak. The origin of emission in
the region between 400-470 nm is attributed to zinc interstitials (Zn;) in the interface traps or Zn
vacancy related defects [260, 315-320]. The inference from these observations is that while oxygen
vacancies decrease in ZnO NMRAs on InO and SnO seed layers, defects such as Zn interstitials
and vacancies are still present. In contrast, on the ZnO seed layer the oxygen vacancies are present,
independent of the duration of synthesis.

It can also be inferred from the high intensity of the band edge PL relative to visible band in the
emission spectra of ZnO that the ZnO nanostructures are of very high crystal quality on the InA,
InO, SnA and SnO seed layers which is also consistent with Raman, FE-SEM and XRD results
presented earlier. Thus, ZnO nanorod arrays grown on the In and Sn seed layers will be ideally

suited for photoluminescence applications.
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5.4. Optical transmission studies

The measured spectral transmission of the ZnO structures on different thickness InA and InO films
is shown in (5.35 (a)-(d)), the corresponding spectra for SnA and SnO films is displayed in (5.36
(a)-(d) It is evident from these spectra that the ZnO/InA heterostructure has a high transmission
(~80%) in the visible region wich decreases for the ZnO/InO heterostructures to about 40% for the
samples synthesized for 3hrs. At 50 nm the ZnO/InA heterostructure has a high transmission (30-
40%) in the visible region which decreases for the ZnO/InO heterostructures to about 20-30% for

the samples synthesized for 3hrs.
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Figure 5.35: Optical transmission spectra of ZnO NMRAs different thickness for (a) InA duration
process at 120°C, 30 mins, (b) InA duration process at 120°C, 3hrs; (c) InO duration process at
120°C, 30 mins, (d) InO duration process at 120°C, 3hrs.
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he behaviour in the case of the ZnO/SnA and ZnO/SnO heterostructures is reverse. The
transmission is low for the ZnO/SnA case but increases for the ZnO/SnO heterostructures to almost

50-60% for the samples synthesized for 3hrs.
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Figure 5.36: Optical transmission spectra of ZnO NMRAs different thickness for (a) SnA duration
process at 120°C, 30 mins, (b) SnA duration process at 120°C, 3hrs; (c) SnO duration process at
120°C, 30 mins, (d) SnO duration process at 120°C, 3hrs.

The absolute value of transmission depends strongly on the thickness of the as deposited or
annealed metal layers as shown. However, there is no change in the trend, i.e transmission of the
ZnO/InA heterostructures > ZnO/InO heterostructures and reverse for the SnA and SnO based
heterostructures. Another important point is that the band gap of the heterostructures shows a red-
shift with increase in the nature of the underlayer (i.e. as-deposited or annealed) as well as

thickness. The obtained band gap values are of the order of 3.8-4.0 eV. These properties make the
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studied heterostructures very suitable for many optical applications that require high band gap and

high transmission.

5.5. Wettability studies

The most common method to quantify hydrophilicity and hydrophobicity of a surface is through
measurement of contact angle. The wetting is characterized by the contact angle 6 of liquids over
the solid surfaces. The primary equation that quantified the contact angle of a liquid droplet on a
flat surface was given by Young [321]. Contact angle can be related to the three interfacial tensions

via Young’s equation

cosf = Ysv — Vo - (5.01)

Yiv

where ysv = solid-vapor interfacial tension,
vsL = solid-liquid interfacial tension,
yLv = liquid-vapor interfacial tension

Wettability is characterized by not only the chemical composition but also the roughness of the
surface. Young’s equation is developed for the case of an ideal solid surface, which is defined as
a smooth, rigid, chemically homogeneous, insoluble and a non-reactive surface. Wetting on rough
surfaces of solid cannot be described by Young’s equation and wetting models that correlate
surface roughness with the equilibrium contact angle are Wenzel [322] and Cassie-Baxter [323]
models. The Wenzel apparent contact angle can be related to true contact angle by the relation:

[(Ysv — VSL)]]

YLv

cosOy, =1y, [ - (5.02)

where rw is the Wenzel’s roughness factor and may be defined as the ratio of the actual area of a
rough surface to the geometric projected area. The Cassie-Baxter’s equation describes the

wetting regime when air is trapped in the microstructures of the surface, and liquid sits on top

of asperities.
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The apparent-contact angle (6cg) in this case is given by the Cassie-Baxter’s equation which is
cosOcp = (r7rcosOy + f — 1) - (5.03)

where 0Y is the Young contact angle, f is the fraction of the projected area of the solid surface
that is wetted by the liquid and rf is the roughness ratio of the wetted area.In general, Wenzel’s
model deals with homogeneous surfaces whereas Cassie-Baxter’s model was found to be
functional for heterogeneous surfaces.

The fundamental assumption is that wettability is independent of the roughness and chemical
nature of the surface. However, both these assumptions have been proved to be incorrect. Wetting
on rough surfaces of a solid cannot, therefore, be described by Young’s equation. Subsequently
models that correlate surface roughness with the equilibrium contact angle were developed by
Wenzel [322] and Cassie-Baxter [323] models. In Wenzel’s model, the liquid droplet is assumed
to be in contact with the solid surface at all points, thus signifying a homogeneous surface. In
contrast, the Cassie-Baxter model relates to liquid droplets sitting only on surface protrusions and,
therefore, useful for the more realistic rough surfaces. A combination of these models is used to
explain wettability in most cases. The values for water contact angles on ZnO structures grown on
InA, InO, SnA and SnO seed layers are shown in Tablel and Table2. Table3 represents the water

contact angle of ZnO structure on Au and ZnO seed layers.

Table 1: Water Contact angle of ZnO structures on different thickness InA, InO seed layers.

1 ZnO structure on 10nm 102.5°
InA seed layer for 3 hrs

InO seed layer for 30
mins

2 ZnO structure on 10nm 93.9°

3 ZnO structure on 10nm 92.2°
InO seed layer for 3 hrs

4 ZnO structure on 20nm 110.5°

InA seed layer for 3 hrs
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ZnO structure on 20nm
InO seed layer for 30
mins

98.2°

ZnO structure on 20nm
InO seed layer for 3 hrs

98.1°

ZnO structure on 30nm
InA seed layer for 3 hrs

114.8°

ZnO structure on 30nm
InO seed layer for 30
mins

96.1°

ZnO structure on 30nm
InO seed layer for 3 hrs

95.1°

10

ZnO structure on 40nm
InA seed layer for 3 hrs

115.4°

11

ZnO structure on 40nm
InO seed layer for 30
mins

100.4°

12

ZnO structure on 40nm
InO seed layer for 3 hrs

99.8°

13

ZnO structure on 50nm
InA seed layer for 3 hrs

110.3°

14

ZnO structure on 50nm
InO seed layer for 30
mins

102.3°

15

ZnO structure on 50nm
InO seed layer for 3 hrs

313393719

90.8°
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Table 2: Water Contact angle of ZnO structures on SnA and SnO thin films.

1

ZnO structure on 10nm
SnA seed layer for 3 hrs

ZnO structure on 10nm
SnO seed layer for 30
mins

106.6°

ZnO structure on 10nm
SnO seed layer for 3 hrs

95.5°

ZnO structure on 20nm
SnA seed layer for 3 hrs

107.2°

ZnO structure on 20nm
SnO seed layer for 30
mins

98.5°

ZnO structure on 20nm
SnO seed layer for 3 hrs

94.9°

ZnO structure on 30nm
SnA seed layer for 3 hrs

110.6°

107.3°

ZnO structure on 30nm
SnO seed layer for 30
mins

91.5°

ZnO structure on 30nm
SnO seed layer for 3 hrs

10

ZnO structure on 40nm
SnA seed layer for 3 hrs

104.5°

11

ZnO structure on 40nm
SnO seed layer for 30
mins

96.2°

bbPP bbb PP PP

94.8°
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12 ZnO structure on 40nm 102.7°
SnO seed layer for 3 hrs

ZnO structure on 50nm 95.5°

SnA seed layer for 3 hrs

14 ZnO structure on 50nm 93.8°
SnO seed layer for 30
mins
15 ZnO structure on 50nm 101.0°
SnO seed layer for 3 hrs

In the present study, the ZnO nanorod arrays on InA and InO seed layers are hydrophobic in nature,

13

with water contact angles between 92-102°. Similarly, in the case of the SnA and SnO seed layers
the WCA is in the range of 95-107°. In comparison, on the Au seed layer the value is 92°.
Interestingly on the ZnO seed layers the HP ZnO structures are superhydrophobic with a maximum
WCA of 150°.

Table 3: Water Contact angle of ZnO structures on ZnO and Au seed layer.

A | ZnO structure on Au seed 92.3°
layer for 3hrs

B | ZnO structure on ZnO seed 131.9°
layer for 30mins

C | ZnO structure on ZnO seed 150.4°
layer for 3hrs

This is consistent with earlier observations, experimental and theoretical, that demonstrate a
dependence of WCA on dimensions of the structures. It has been shown that [324-325] the
apparent contact angles in the Wenzel (6w) and Cassie-Baxter states (6cg) of micropillar arrays are
proportional to [1+ (4A/(a/H))] and A respectively. Here A = [1/((b/a)+1)?], where b is the inter-

pillar spacing, a is the width of the pillar and H is the height. Bormashenko while examining the
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wettability of rough surfaces [326] has found a similar dependence. It was also found in this work
that the Gibbs free energy for Cassie air trapping is the lowest followed by the Wenzel with the
free energy for the Cassie water penetration state being the highest. In addition the energy of
transition from the Cassie-Baxter to the Wenzel states is strongly dependent on the radius of the
droplet with respect to the features of the arrays. There are a few other experimental observations
on the dependence of WCA on the dimensions and spacing in arrayed micro/nanostructures of
ZnO. Therefore, in the present work, it is inferred that increase in WCA can be directly correlated
with change in dimensions of the micro/nano rods and inter-rod separation. This can, in turn, be
correlated with the density of ZnO rods/wires per um on the different seed layers. The number is
of the order of 1-2 in the case of the In and Sn seed layers (as-deposited and annealed), <1 for Au.
In contrast the number is between 5-8 for the ZnO seed layers.

The effect of UV irradiation on the WCA is presented in figure 5.37 (a). It is observed that in all
cases there is a transition in the wetting state of all the structures. And also, we observed photo-
induced hydrophilic conversion factor (Kf) on 10nm thickness of different seed layers which is
obtained from slope of the plot of reciprocal of contact angle vs UV irradiation time (Figure
5.37(b)). Significantly, it is independent of initial contact angle [327]. The values of the Ks are
estimated as (1) 6.81x10* (2) 2.44x10* (3) 1.21x107 (4) 6.75x10™* (5) 1.87x107 (6) 2.46x10°3
degree*mint. The hydrophilic conversion rate is better in case of HP ZnO on oxide seed layer
(InO, SnO) in contrast to their metal (In,Sn) counterpart. The hydrophilic conversion rate is best
for HP ZnO (3hrs) grown on ZnO seeded substrate. In the case of ZnO on InA and InO seed layers
the transition from the hydrophobic state starts within the first ten minutes and at the end of 120
mins the surfaces become hydrophilic. On the SnO seed layer that transition is much more rapid
with the surface becoming superhydrophilic at the end of 120 mins. This is similar to the structures
grown on ZnO seed layers which exhibit a superhydrophobic to superhydrophilic transition.
induced hydrophilicity is generally attributed to the structural changes that occur at the surface due
to UV irradiation of energy greater than bandgap of metal oxide. This leads to the generation of
electron-hole pairs in the conduction and valence band. In photo-induced hydrophilicity some of
the holes interact with lattice oxygen creating oxygen ion vacancies and the electrons interact with
the metal producing surface trapped electron sites. As a consequence, the binding energy between
metal and oxygen atom decreases. The creation of oxygen ion vacancies makes the surface suitable

for hydroxyl adsorption and as a result these
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Figure 5.37: (a) Effect of UV irradiation on the change in contact angle of ZnO NMRASs grown
on different seed layers.1=InO, 2=InA, 3=Sn0, 4=SnA, 5 and 6 = ZnO seed layers. (b) Plot of
reciprocal of contact angle against the UV irradiation time.

Substrates become hydrophilic after UV exposure. Indeed, oxygen vacancies play an important
role in the hydrophilization of a surface, since reconstruction of surface hydroxyl groups occurs
under UV illumination leading to an increase in their number. It may be recalled that both Raman
spectroscopy and PL data, presented in the previous sections, indicated the presence of oxygen
vacancies. The decrease in contact angle is, therefore, due to the formation of a metastable state
which can absorb hydroxyl group [327]. Thus, the observed (super) hydrophobic—(super)
hydrophilic transition is due to surface hydroxylation. The rate at which the transition occurs can
be correlated with number of oxygen vacancies present initially on the surface

It is to be noted that, both Raman spectroscopy and PL data, discussed in the previous sections,
indicate the presence of defects on the ZnO NMRAs. Mrabet et al. [328] reported that presence of
oxygen vacancies improves the acidic character of a ZnO surface leading to increased
hydrophilicity. However, in another study on Zn.SnOg thin films annealed in air, Mrabet et al.
have observed that multiple mechanisms are responsible for the variations in water contact angle
[329]. They conclude that oxygen adatoms on the surface would also contribute to the observed
wettability. In earlier work, Meng et al. while investigating ZnO nanowire arrays prepared under
an Ar atmosphere confirmed the role of oxygen adatoms on the surface in determining the water
contact angle [330]. Similarly, Zhang et al. show the presence of oxygen adatoms on the surface
of ZnO and elimination of oxygen vacancies on surfaces annealed in air [331]. It would appear
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that in the case of ZnO nanowires thermally annealed in air, oxygen adatoms adsorbed on the
surface play a significant role in determining the wettability behaviour. Hence, in the present study,
since all the NMRAs were prepared by annealing in air it is reasonable to infer that a combination
of oxygen vacancies, Zn related defects and oxygen adatoms determine the wettability.
Furthermore, the observed (super)hydrophobic — (super)hydrophilic transition can be attributed to
surface hydroxylation [328, 320]. The rate at which the transition occurs can also be correlated
with a combination of surface effects, as discussed above. Thus, it can be inferred that wettability
and wettability transition can be controlled by an appropriate choice of the seed layer and

manipulating the interface.

5.6. Conclusion

In summary, hydrothermal synthesis of ZnO nano/micro rod arrays on as-deposited and heat
treated In and Sn seed layers as well as Au and ZnO, is described in this chapter. The dimensions
of the arrays are profoundly dependent on the conditions of synthesis such as duration of reaction
and nature of the seed layer. The arrays consist of rods that are oriented vertically at different
angles and polycrystalline nature. The rods are either cylindrical or hexagonal in shape. They show
excellent photoluminescence and wettability properties. A detailed comparison with arrays grown
on ZnO and Au seed layers shows that the properties on as-deposited and heat treated In and Sn

seed layers is comparable and, in some cases, superior.
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Chapter
6

Application of Titanium nitride
nanoparticle decorated ZnO
nanowires as surface enhanced
Raman scattering substrates

Parts of this chapter were published in the paper: Y. Rajesh, M.S.S. Bharati, S.V. Rao, and M.G. Krishna,
ZnO nanowire arrays decorated with titanium nitride nanoparticles as surface-enhanced Raman scattering
substrates. Applied Physics A, 127(4), pp.1-8 (2021).
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Abstract

In this chapter, the potential of ZnO nanowire arrays decorated with titanium nitride (TiN)
nanoparticles as surface enhanced Raman scattering (SERS) substrates is demonstrated. ZnO
nanowires were grown by hydrothermal synthesis while commercially obtained TiN powders were
subjected to several hours of mechanical grinding to achieve 30-100 nm diameter nanoparticles.
The nanoparticles were then dispersed in acetone and drop cast on the ZnO nanowire arrays for
decoration. Scanning electron microscopy confirmed the presence of TiN nanoparticles on the
ZnO nanowires. TiN nanoparticles exhibited multiple absorption features at 430, 520 and 600 nm.
SERS experiments using Nile blue and Methylene Blue as the analyte molecules exhibited
enhancement in the Raman signals. It is shown that the origin of the SERS effect is chemical in
nature, with contribution from different interactions between the analyte molecule and the TiN
nanoparticles. Itis, thus, a simple, cost-effective and facile method for the fabrication of TiN based
SERS substrates.
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6.1 Background

Recent literature has shown that titanium nitride (TiN) thin films display a strong absorption peak
related to plasmonic resonance at approximately 530 nm, which is very close to that of Au
nanostructures [332-333]. As a result, TiN thin films and nanostructures can be used as surface
enhanced Raman scattering (SERS) substrates. This has been demonstrated by the ability to detect
molecules such as R6G [238, 240, 241, 244, 334-337]. The aim of the current work is, therefore,
to circumvent the problem of non-stoichiometry by producing nanoparticles from commercially
available stoichiometric TiN powders and subjecting them to grinding for several hours. The
produced nanoparticles are then dispersed in acetone and drop cast on hydrothermally synthesised
ZnO nanowire arrays. Decoration of the ZnO nanowire arrays with TiN nanoparticles takes place
at room temperature. The proof-of-concept for application as SERS substrates is demonstrated
using two molecules, Nile blue (NB) and Methylene blue (MB). There are no other reports on TiN
nanoparticle decorated ZnO nanowires for application as SERS substrates.

The ZnO nanowires are prepared on 100 nm thickness ZnO thin film coated glass substrates by
hydrothermal synthesis, as described in the previous chapters.TiN nanoparticles (NPs) were
prepared by hand-milling commercially purchased powders that contained particles of 3-5um in
diameter. After several hours of grinding, the particle size of the powders was reduced to 30-100
nm. The produced TiN nanoparticles are then dispersed in acetone and drop cast on the

hydrothermally synthesised ZnO nanowire arrays to achieve decoration.

6.1.1. Microstructure

The surface microstructure shows the top view of a typical ZnO nanowire array surface shown in
figure 6.1 (a) indicates that the nanowires are of diameter between 30-100 nm. The nanowires are
relatively densely packed, and cross-sectional microscopy analysis reported earlier showed that
they are reasonably vertically aligned as mentioned in chapter-4. The as-received TiN powders
were subjected to grinding for several hours. As a result, many of the particles, which were initially
3-5um sized, were reduced to <100 nm size after grinding, as demonstrated in figure 6.1 (b). A
closer examination of the nanoparticles, in figure 6.1(c), indicates that the particles' agglomeration
at some locations and the shapes are non-spherical. The ZnO nanowires underneath the
nanoparticles are visible in these images. Thus, this method is a facile and straightforward

technique to produce TiN nanoparticles and decorate them on ZnO nanowire surfaces.

144



Figure 6.1: FE-SEM images of (a) ZnO nanowires and (b) and (c) TiN nanoparticles decorated
ZnO nanowires at different magnifications.

6.1.2. Crystal structure

The X-ray diffraction pattern of fundamental TiN nanoparticles is shown in figure 6.2(a). The
nanoparticles crystallize in the FCC structure with a crystallite size of 35 nm. The highest intensity
diffraction peak is from the {200} plane, and the absence of XRD peaks from any sub-
stoichiometric phase indicates that the nanoparticles are indeed stoichiometric. The peaks from
ZnO nanowires dominate the XRD pattern of the TiN nanoparticles decorated surfaces. However,

a low-intensity peak from the {200} plane of FCC TiN is still visible.
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Figure 6.2: (a) XRD patterns of TiN nanoparticles and ZnO nanowires decorated with TiN
nanoparticles.

6.1.3. Raman spectroscopy

The Raman spectrum for the TiN nanoparticle decorated ZnO nanowire surface is displayed in
figure 6.2(b). Constable et al. [338] observed peaks at 215, 327, 566, and 609cm™ in the Raman
spectra of TiN films, and these modes were assigned to the transverse acoustic(TA), longitudinal
acoustic(LA), second-order acoustic (2A), and transverse optical (TO) modes, respectively. In a
Subramanian and Jayachandran report [339], the Raman peaks were observed at 320, 440, and 570
cm?, respectively. Thus, in the present case, the peaks at 330, 559, and 662 cm™ are attributed
to TiN nanoparticles, while the peaks 374, 436, and 478 cm™ are assigned to ZnO. The most intense
peak observed at 436 cmis the E2 high mode of wurtzite ZnO. The peaks at higher wavenumbers
may have contributions from both materials. It is evident from the data presented so far that TiN
nanoparticles are formed on the ZnO nanowires' surface, and there is no chemical reaction between

the two compounds.
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Figure 6.2: (b) Raman spectrum of TiN nanoparticles decorated with ZnO nanowires.

6.1.4. Optical properties

The optical absorption spectrum of TiN nanoparticles dispersed on a glass slide in the form of a
thin film was recorded on a UV-Vis-Near IR spectrophotometer and shown in figure 6.2(c). The
spectrum exhibits a strong absorption feature at 430 nm and low-intensity characteristics at 520
and 600 nm. In literature, this absorption peak has been attributed to plasmonic resonances [332-
333]. However, it can be plasmonic only under doping by extra Ti, which is not the case in the
present study. Hence, the prominent absorption peak in the transmission spectrum of TiN could be
related to fundamental interband transitions.

In contrast, the other additional peaks could occur from Mie-resonances in nanoparticles as
recognized in Si [340]. The EDX spectrum of the TiN particles in figure 6.2(d) indicates that they

are nearly stoichiometric with no evidence for oxygen.
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Figure 6.2: (c) optical absorption spectrum of TiN nanoparticles and (d) EDX spectrum of the
TiN particles.

6.2. SERS studies

In this thesis two molecules are studied, (1) Nile blue (NB) and (2) Methylene blue (MB), were
chosen as prototypes to investigate the efficacy of the TiN nanoparticles decorated ZnO nanowire
arrays for SERS applications. The Raman spectrum of NB, recorded by dispersing it in the form
of a film on a glass slide and displayed in figure 6.3(a) consisted of low-intensity modes at 382,
472,553, and 653 cm?, and all of them matched with earlier reports. The most significant feature
occurs at 592 cm, assigned to C-C-C and C-N-C deformations [341]. In contrast, the Raman
spectrum of MB in figure 6.3(b) exhibits several low intensity features at 450, 664,716,1038,1154,
1390, 1430 and 1500 cm™. In this case, the signature peak, which occurs at 1622 cm™, is assigned
to ring stretching of C-C mode. All the characteristic peaks were well matched with previous
reports [342]. Thus, when these spectra are compared with the Raman spectra of TiN nanoparticle
decorated ZnO nanowires presented in figure 6.2(b) shows that the signature peaks of both
molecules (NB and MB) are distinct from ZnO and TiN. As a consequence, the SERS effect can

be unambiguously studied.
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Figure 6.3: Raman spectra of (a) Nile blue (NB) and (b) Methylene blue (MB) on glass slides.

A control experiment to investigate the SERS effect was carried out at 5 uM Nile blue (NB) and
Methylene blue (MB) concentrations, directly on ZnO nanowires (ZNW). The NB and MB
molecules' Raman spectra were recorded at 10 different, random locations on the ZnO nanowire
arrays. However, the spectra did not exhibit any signatures of either the NB or MB molecule at
any of these locations. The only peak observed, as shown in a typical Raman spectrum in figure
6.4, appeared at 436 cm™ corresponding to wurtzite ZnO. The pristine ZNW surface is not suitable
as a SERS substrate.

The threshold concentration below which the analyte molecule, NB, is not detected by the TiN
nanoparticles decorated ZnO nanowires (termed as T-ZNW) is determined by recording the SERS
spectra for different concentrations, as shown in the figure 6.5. It is observed that at a high
concentration of 5 UM, there is a decrease in the intensity of the ZnO peak at 438 cm™. This is
accompanied by an increase in the NB signature intensity 592 cm™, compared to the intensities on
ZNW. At an NB concentration of 1 uM, on T-ZNW, there is complete quenching of the Raman
modes relating to it, and only one high-intensity peak at 438 cm™, attributed to wurtzite ZnO is
visible. The Raman spectrum of 0.5mM NB dispersed on a glass slide, presented earlier in figure

6.3(a) is also displayed for comparison.
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Figure 6.4: Raman spectra of Nile blue (NB) and Methylene Blue (MB) adsorbed directly on ZnO
nanowires at 5 LM concentration.
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Figure 6.5: SERS spectra of Nile Blue (NB) adsorbed on TiN nanoparticles decorated ZnO
nanowires at 1 and 5 uM concentration. The red curve corresponds to the Raman spectrum of 0.5
mM NB dispersed directly on glass, for comparison.
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Figure 6.6: SERS spectra of Methylene Blue (MB) adsorbed on TiN nanoparticles decorated ZnO
nanowires at 1 and 5 uM concentration. The red curve corresponds to the Raman spectrum of
0.5mM MB dispersed directly on glass, for comparison.

The results of a similar experiment performed for Methylene Blue (MB) adsorbed on T-ZNW at
different concentrations are shown in figure 6.6. At 5 uM concentration of MB, the intensity of
the peak at 1622 cm™ is significantly increased. Furthermore, there is a decrease in the intensity
of the wurtzite ZnO mode, which now occurs at 443 cm™ compared to the intensity on ZNW shown
in figure 6.4. Further decrease in MB concentration to 1 uM results in suppressing the Raman
modes of MB, and only the wurtzite ZnO peak at 443cm™ is visible. In both cases (i.e., NB and
MB), there is enhancement at 5 pM concentration while the Raman signals of the analyte
molecules are quenched at 1 pM concentration. It is also evident that even at a high concentration
of 0.5mM, there is no enhancement of the Raman signals when the analyte molecules are adsorbed
directly on the ZnO nanowires. Another exciting aspect is the shift of the most intense peak of
ZnO to higher wavenumbers.

The Raman spectra were recorded at ten (10) different, random locations each for 5, 10, 15, and
25 UM concentration of MB and NB molecules on T-ZNW, and typical spectra are shown in figure
6.7(a) and 6.7(b), respectively. In both cases, there is the enhancement of the signature peaks of

the respective molecules, MB at1622cm™ and NB at 590 cm™, with the increase in concentration.
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Figure 6.7: SERS spectra of (a) Methylene Blue (MB) and (b) Nile Blue (NB) adsorbed on TiN
nanoparticles decorated ZnO nanowires at 5, 10, 15 and 25 pM concentration.
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The calculation of the relative standard deviation (RSD %) is based on the Raman spectra recorded
at 10 different locations on T-ZNW, for 5 uM concentration of Methylene Blue (MB) molecule
(which is considered the threshold concentration for detection). The results for MB are shown in
Figures 6.8(a) and 6.8(b). It is observed that the RSD% for Methylene Blue (MB) molecule is

14.22%.
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Figure 6.8: SERS spectra of (a) Methylene Blue adsorbed on TiN nanoparticles decorated ZnO
nanowires at 5 uM concentration at 10 different locations on the surface and (b) the calculated
relative square deviation (RSD %) for the peak at 1620 cm™.
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Similarly, the calculation of the relative standard deviation (RSD %) is based on the Raman spectra
recorded at 10 different locations on T-ZNW, for 5 puM concentration of Nile Blue (NB)
molecule(which is considered the threshold concentration for detection). The results for MB are
hown in figures 6.9(a) and 6.9(b). It is observed that the RSD% for Nile blue (NB) molecule is

24.87%.
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Figure 6.9: SERS spectra of (a)Nile Blue adsorbed on TiN nanoparticles decorated ZnO
nanowires at 5 uM concentration at 10 different locations on the surface and (b) the calculated
relative square deviation (RSD %) for the peak at 590 cm™.
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6.2.1. The SERS Enhancement factor calculations

The enhancement factors were calculated for both molecules using the expression [225, 343]

ISERS CRaman

E; =
! I Raman CSERS

- (6.01)

where Esis the enhancement factor, Isers is the SERS band intensity of probe molecules [MB (1622
cm™) and NB (592 cm™)] using the synthesized TiN-ZnO substrate, Iraman is the Raman intensity
of an probe molecule on a glass slide (without using substrate), Csers represents the corresponding
concentration of an probe molecule on a TiN-ZnO substrate (10® M) and Craman is the
concentration of an probe molecule on a glass slide (10 M, without substrate), which produces
the Raman signal, Iraman.

The enhancement factors (EF) values obtained are summarized in table 1 for different
concentrations. It is observed that, as the concentration of the dye molecules on the T-ZNW surface
is decreased, the Ef of their signature peak also decreases. This is attributed to the reduced
adsorption on the T-ZNW surface. Nile blue has the chemical formula C20H20CIN3O and belongs
to the family of phenoxazine and benzo-phenoxazine-based dyes. Methylene blue has the chemical
formula C16H18CIN3S and is also known as methylthioninium chloride. Since the chloride ions are
present in both compounds, it is hypothesized that the affinity of TiN to chloride ions might cause
the binding of the dye molecules to the nanoparticles, leading to a chemical SERS effect.

It is well established that there are two main surface enhancement mechanisms of Raman signals
[ 225, 343-350]. They are either electromagnetic or chemical in nature. The electromagnetic
enhancement of signals involves the coupling of the electric fields related to surface Plasmons of
the nanoparticles with incident radiation. The strength of coupling varies as the fourth power of
the local electric field. As a result, a minimal variation in the local field can cause very significant
changes in the SERS signals. The chemical enhancement is, in contrast, a weaker effect relying on
the formation of complexes on the nanoparticle surface, charge transfer, or charge transfer
resonances induced by molecular adsorption. Due to the differences in their origins, the
enhancement factors observed due to the EM effect are large in magnitude (10* or higher). In
contrast, the chemical effect enhancement factors are of the order of 10%, at maximum. Thus, it
would appear that the SERS effect is more chemical in nature in the present case. Interestingly,
Wei et al. [241] have observed a combination of the electromagnetic and charge transfer effect in
the TiN thin film-based SERS substrates used to detect R6G.
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Table 1: Enhancement Factors (EF) for Methylene Blue and Nile Blue at different concentrations
on TiN-ZnO nanowire array SERS substrates.

Concentration of analyte Enhancement factor for
molecule (um)
Methylene Blue (MB) Nile Blue (NB)
1 0 0
5 28 94
10 33 110
15 34 360
25 36 369

The origin of the enhancement effect has been deliberated in earlier works [ 225, 343-350], and it

is attributed to three mechanisms:

1. The existence of surface Plasmon resonances
2. Charge transfer between the metal and conduction band of the adsorbed molecule

3. Resonances within the adsorbed molecule leading to single-molecule detection

The charge transfer effect may be due to the differences in Fermi levels of the adsorbed molecule
and TiN [344]. It is hypothesized that the chemical enhancement is induced by the interaction
between the TiN nanoparticles and the adsorbed molecule leading to the formation of a charge-
transfer state. When this state is resonant with the laser wavelength, an additional resonant-
chemical effect enhances the SERS. This is possible due to the interaction between the Fermi level
of the metal and the molecule's frontier orbitals. Other factors to be considered are postulated by
Kudryashov et al. [351] in samples produced by mask-less micro-patterning of thin plasmonic

films of Ag, Cu, Al, and Au-Pd alloys for surface-enhanced IR spectroscopy application. The IR

156



transmission response of micro-hole arrays with varying parameters was studied. In the case of
R6G adsorbed on Ag substrates, they find evidence for a donor-like chemical enhancement. This
process is sensitive to bonding/ vibration in analyte molecules and contributes to analyte-metal
complexing via charge transfer. Thus, the effect of TiN dangling bonds and spectrally-
homogeneous Mie-type SERS enhancement in optically-resonant TiN nanoparticles (either
electric dipolar or magnetic dipolar/quadrupolar resonances) also need to be considered in the
present case. A third point that needs consideration is that the observed SERS enhancement can
be photo-induced in nature. This is inferred from literature wherein it has been shown that TiN is
a suitable catalyst for the photodegradation of molecules such as methylene blue [352]. The
essential requirement is the adsorption of the molecule to be photodegraded onto the catalyst
material. In photocatalysis, the molecule absorbs the incident radiation to generate electron-hole
pairs, followed by the separation of the excited charges and charge transfer to the surface of the
photocatalyst. Finally, these charges are used for redox reactions [353]. It is assumed that the
charge transfer process occurring in the present case is an amalgamation of the three mechanisms
(non-photo induced and photo-induced) as described above. However, the individual contributions
cannot be isolated from the experimental set-up used in the present study.

The proof-of-concept study presented here indicates promise. Further enhancements will be
possible with these substrates by optimizing the size, shape, and inter-particle distance of the TiN
nanoparticles. The main advantages are the ease of preparing large-area substrates and the low
costs involved. More detailed studies with different analyte molecules (including explosives and

pesticides) need to be carried out to test the efficacy of these substrates.

6.3. Summary

TiN nanoparticle decorated ZnO nanowires are synthesized by a simple process. The TiN
nanoparticles are 30-100 nm in size and exhibit absorption related features at wavelengths between
400-600 nm. The application of these substrates as surface enhanced Raman scattering substrates
is demonstrated by detecting nile blue and methylene blue molecules on the nanoparticles. It is
demonstrated that the origin of SERS in this system is chemical in nature. The facile approach to

synthesis indicates promise for cost effective scale-up.
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7.1. Summary and Conclusions

The main results of the thesis are summarized in this chapter with reference to the objectives

formulated which were
1. Investigate the role of precursors, temperature and duration of processing, and seed layers
(Au, In, Sn, In203, SNO and ZnO) on the growth of ZnO nanostructures.
The results presented in chapters 3 and 4 show that high quality seed layers can be deposited
by thermal evaporation in vacuum. The metal films of In, Sn and Au are deposited at room
temperature and do not require any post-deposition processing to achieve the crystallinity and
microstructure needed to be used as seed layers. This is very attractive for flexible device
applications. In the case of oxide seed layer thin films, moderate post deposition annealing is
required to achieve the desired crystallinity, microstructure and stoichiometry. The optimal
thickness for the growth of ZnO nanostructures in each case, is established. A detailed study
of the precursors Zinc acetate and zinc nitrate as well as the role of mineralizers HMTA, NaOH
and KOH is presented and it is shown that HMTA is preferred. The threshold temperature and
duration of hydrothermal processing to realize nanostructures is also demonstrated.

2. Establish the role of process parameters and surface conditions in the growth of vertically
aligned ZnO nanowires and nano/ micro rods by hydrothermal synthesis.

In this part of the study, it is shown that HMTA plays a crucial role in vertical alignment of
ZnO nanostructures as well as determining the nature of crystallinity. Lower temperature and
shorter duration of processing is suitable to produce nanowires with diameters <100 nm while
higher temperatures (>120°C) and longer durations (>3hrs) lead to large diameter and longer
nano or micro rod arrays. The surface microstructure of seed layer thin films is an important
parameter. It is observed that, while ZnO seed layer films support ZnO nanowires, the other
seed layer surfaces mostly lead to the growth of hexagonal rods. The density of packing of
arrays is strongly dependent on the nature of the seed layer. Independent of the seed layer
material, all nano/microstructures are hexagonal shaped when either the temperature is high or

the duration of processing is long.
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3. Compare the normal and microwave-assisted hydrothermal processes for the growth of
ZnO nanostructures.

The main difference between the conventional and microwave assisted hydrothermal synthesis
process is that microwave assistance leads to growth of nanostructures at a fairly low
temperature (90°C) and short duration (30 min.). However, even in this case it appears, based
on the limited experiments carried out, that higher temperatures or longer durations are
required to obtain vertically aligned nanostructures. More significantly, in the case of
microwave assisted hydrothermal processing a hierarchy of structures is observed, which is
absent in conventional hydrothermal processing. This leads to differences in
photoluminescence behaviour between the nanostructures processed by the two different

techniques.

4. Demonstrate the control of photoluminescence behavior of ZnO nanostructures grown by
hydrothermal synthesis.

Two types of structures were studied in the present thesis: (1) Homostructures wherein ZnO
nanostructures are grown on ZnO seed layer thin films and (2) Heterostructures wherein the
ZnO nanostructures on other seed layers. In both cases, it is observed that the PL features are
strongly dependent on the crystallinity and microstructures as well as defects in the seed layer
thin films. It is demonstrated that the intensity and position of the defect related peak of ZnO
at 500 -600 nm and the near band edge peak at 380 nm are strongly dependent on the seed
layer material. Therefore, it is proposed that the emission wavelength of the ZnO
nanostructures can be tuned by changing the seed layer. This is very useful for LED
applications. A detailed study of defects using Raman scattering is also presented.

5. Demonstrate the use of ZnO nanostructures for wettability and self-cleaning applications

ZnO surfaces are well known for their wettability and self-cleaning applications. In this study,
seed layer mediated wettability of the ZnO nano/micro rod arrays is demonstrated. The ZnO
nanostructures are hydrophobic independent of the seed layer. However, they are
superhydrophobic on the ZnO seed layer thin films. Under the influence of UV irradiation, the
nanostructures show transition to (super)hydrophilic state within ten minutes. The rate of this

transition is dependent on the seed layer on which the nanostructures are grown. It is thus
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evident that the nanostructures can be used for self-cleaning applications. The role of surface
defects, oxygen vacancies and adatoms is clearly elaborated by carrying out a detailed

correlation between the wettability, PL and Raman data.

6. Demonstrate the use of Titanium nitride (TiN) nanoparticle decorated ZnO nanostructures
for sensing applications by the surface enhanced Raman scattering process.

In this study, ZnO nanowire arrays decorated with TiN nanoparticles as surface enhanced
Raman scattering (SERS) substrates is demonstrated. TiN nanoparticles were then dispersed
in acetone and drop cast on the ZnO nanowire arrays for decoration. Scanning electron
microscopy confirmed the presence of TiN nanoparticles on the ZnO nanowires. SERS
experiments using different concentrations (5, 10, 15, and 25 puM) of Nile blue (NB) and
Methylene Blue (MB) as the analyte molecules exhibited enhancement in the Raman signals.
It is shown that the origin of the SERS effect is chemical in nature, with contribution from
different interactions between the analyte molecule and the TiN nanoparticles. Thus, this study
represents a simple, cost-effective and facile method for the fabrication of TiN based SERS

substrates.
In summary, the most important contributions of the thesis are:
1. Deposition and characterization of different metal and metal oxide seed layers and
establishing their role in determining the shape evolution and alignment of ZnO

nano/micro wire/rod arrays.

2. lsolating the contribution of each process parameter on the growth of ZnO
nanostructures by hydrothermal synthesis and impact on photoluminescence.

3. Comparison of the growth of ZnO nanowires/nanorods by conventional and
microwave hydrothermal synthesis.

4. Seed layer mediated wettability and wettability transition of ZnO nano/micro-rod
arrays.

5. ZnO nanowire arrays decorated with Titanium Nitride nanoparticles as surface
Enhanced Raman Scattering Substrates.
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7.2. Scope for future work

Some possibilities for extending this work in the future are,

=

Achieve better and predictable control over the dimensions of the nanowire arrays.
Investigating the dielectric properties of the vertically aligned metal oxide nanowires and
nanorods with different thickness ZnO seed layers at different frequencies (from MHz to
GHz).

To study vertically growing nanostructures on Flexible substrates using different metal and
metal-oxide (ZnO, Au, In, Sn) seed layers.

To study the sensitivity of the metal oxide nanostructures under various gases by
fabricating a gas sensor.

Fabricate different electronic devices with the obtained nanowire arrays.
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