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Abstract

Metal oxide nanostructures characterized by multiple morphologies and
structures are at the forefront of applications driven nanotechnology research. In
particular, they represent a versatile solution for performance enhancement and
applications in multifunctional devices and offer distinct advantages over their
bulk counterparts.

The current state in ZnO nanomaterials research and its impact in
nanotechnology and modern engineering are discussed through the lens of con-
tinuing technological advances in synthetic techniques allowing to obtain the
material with predefined specific set of criteria including size, functionality, and
uniqueness.

Aim of this research activity is fabrication and study of the potential ap-
plications as biomolecular nanoplatforms of ZnO nanostructures obtained using
different synthetic techniques ranging from vapor phase deposition (Metal-
Organic Chemical Vapor Deposition) to solution growth (Chemical Bath Depo-
sition). Moreover, hybrid synthetic approaches are used to obtain complex hier-
archical ZnO structures having dual or multiple morphologies. The non-covalent
interaction of these inorganic nanosystems with organic molecules, having spe-
cific chemical behavior, represents a strategy to obtain hybrid organic-inorganic
nanomaterials, thus offering interesting potentiality for the design of high per-
formance devices. In particular, it is demonstrated that integration of Metal-
Organic Chemical Vapor Deposition and Chemical Bath Deposition strategies
with Nanosphere Colloidal Lithography allows to define two-dimensional hybrid
Zn0-Si0, nanoarrays having great potential as innovative fluorescence sensing
substrates with individual addressability and tuning of the biomolecular detec-
tion capability.

Combination of Metal-Organic Chemical Vapor Deposition with Electro-
spinning leads to fabrication of core—shell Zn-doped TiO,—ZnO nanofibers char-
acterised by hierarchical growth of ZnO nanoneedles onto the TiO, nanofiber
surface. XRD measurements revealed that after ZnO deposition at T > 500 °C,
the TiO, nanofibers were composed of the anatase—rutile mixed phases with dif-
ferent fractions of rutile, modulated by the Zn dopant concentration. These com-
posite nanomaterials may be intriguing to the future study of nanofiber photo-
catalysts and sensors, and functional properties based on titanium dioxide.

Keywords: Zinc oxide, MOCVD, Chemical Bath Deposition, Electrospinning, Nano-
sphere Colloidal Lithography, nanorods, FRAP, sensing, protein immobilization.
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1. Introduction

1.1 Introduction

Nowadays, nanotechnology represents, with no doubts, a multinational
priority and key direction of development supported by government policy of
many countries all over the world [1]. It opens a door to tailoring materials and
creating various nanostructures for use in various spheres of life, i.e. sensing [2-
4], catalysis [5-7] and energy storage devices [8].

The concept of nanotechnology was first introduced by Prof. R. Feynman
in 1959, when he expressed an idea - ‘‘to synthesize nanoscale building blocks
with precisely controlled size and composition, and assemble them into larger
structures with unique properties and functions’ [9]. Almost 40 years later, in
1998 Neal Lane, Assistant to USA President for Science and Technology stated
“If I were asked for an area of science and engineering that will most likely pro-
duce the breakthroughs of tomorrow, I would point to nanoscale science and en-
gineering” [10].

The actual converging technology philosophy, pointing at the manipula-
tion of matter on the nanometer (10”° m) scale, will deliver tremendous results. It
is expected that converging technologies will bring along outstanding improve-
ments in transforming tools, providing new products and services, enabling hu-
man personal abilities and social achievements, and reshaping societal relation-
ships.

In general, the term “nanotechnology” [11] refers to the

* “Research and technology development at the atomic, molecular or
macromolecular levels, in the length scale of approximately 1 - 100
nanometer range.

*  Creating and using structures, devices and systems that have novel
properties and functions because of their small and/or intermediate
size.

*  Ability to control or manipulate on the atomic scale.”

Nanotechnology is also a multi-disciplinary field that links together the
advances of physics, engineering, molecular biology, and chemistry. Fabrication
of nanostructures in a controlled way is a challenge for the development of
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nanoscience and nanotechnology. Controlled growth of hierarchical structures of
inorganic materials opens a brand new field to not only nanomaterials synthesis
but also to their applications in a variety of fields such as field emission, photo-
voltaics, supercapacitors, catalysts, sensors, high strength and multifunctional
nanocomposites etc. [12-16].

The properties and performances of these new nanomaterials are mainly
controlled by their nature, size and morphology. The nanoscale size may also af-
fect the quantum confinement effect [17] and optical confinement [18] which
enabled nanomaterials to have received considerable attention and been exten-
sively investigated for applications in electronic, optoelectronic, photovoltaic,
photocatalytic and sensing devices [19]. Metal-oxide nanostructures are ideal
systems for exploring a large number of novel phenomena at the nanoscale and
investigating size and dimensionality dependence of nanostructure properties for
potential applications [20].

Sensing is another topic that becomes increasingly hot over the past dec-
ade. A sensor is a device, which is composed of an active sensing material with a
signal transducer, allowing to transmit the signal without any amplification from
a selective compound or from a change in a reaction [21]. These devices produce
any one of the signals as electrical, thermal or optical output signals which could
be converted into digital signals for further processing.

One of the main challenges in sensing engineering is the selection and de-
velopment of an active material. The key requirement of active sensing materials
is to act as a catalyst for sensing a particular analyte or a set of analytes. The re-
cent development in the nanotechnology has paved the way for large number of
new materials and devices of desirable properties which have useful functions
for numerous electrochemical sensor and biosensor applications [21]. In general,
accurate tailoring of nanostructured material makes it possible to control the
fundamental properties of materials (on nanoscale level) remaining their chemi-
cal composition without changes. In this sense, the low dimensional systems be-
came extremely attractive, and together with the current tendencies on the fabri-
cation of functional nanostructured arrays could play a key role in the new trends
of nanotechnology [22]. As mentioned before, nanostructures can be used for
both efficient transport of electrons and optical excitation, and these two factors
make them critical to the function and integration of nanoscale devices [19]. In
fact, nanosystems are the smallest dimension structures that can be used for effi-

cient transport of electrons and are thus critical to the function and integration of
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these nanoscale devices. Because of their high surface-to-volume ratio and tun-
able electron transport properties due to quantum confinement effect, their elec-
trical properties are strongly influenced by minor perturbations [21].

Nanomaterials are advantageous in providing large surface area. Among
all the nanomaterials, semiconductors occupy a central position due to the ad-
vantages they offer in terms of synthesis and manipulation.

Zn0O, TiO,, SnO,, SiC and GaN are interesting semiconductors widely
used in many field such as photovoltaic, gas sensing, catalysis, photonic and bio-
logical applications and thus the controlled fabrication of nanostructures is
strongly desired [23-29]. In particular, ZnO is a unique material characterised by
excellent semiconducting and piezoelectric properties combined with an excel-
lent thermal and chemical stability and novel applications of this functional ma-
terial are expected to be demonstrated in the near future [30]. Moreover, ZnO is
probably the only widely studied metal oxide having the richest family of nanos-
tructures among all materials, both in structures and properties. Growth of high
quality ZnO nanowire arrays and knowledge of their physical properties are fun-
damental for their applications as sensors [31-33], field emitters [34-35], light-
emitting diodes [36-39], photocatalysts [40,41], nanogenerators and nanopie-
zotronics [42,43].

So what makes ZnO one of the most prominent semiconductors in the
metal-oxide family? First of all, it has a wide-band-gap of 3.37 eV and a large
exciton binding energy of 60 meV. This ensures efficient excitonic ultraviolet
(UV) emission at room temperature. Besides, the non-central symmetry of ZnO
in wurtzite structure, combined with its large electromechanical coupling, results
in strong piezoelectric and pyroelectrical properties and implies a consequent
usage in actuators, piezoelectric sensors and nanogenerators. Zinc oxide is also
bio-safe, biocompatible, and can be directly used for biomedical applications
without coatings. As for one-dimensional (1D) ZnO nanostructures, they play
the key roles in developing nanoscience and nanotechnology, as illustrated by
many articles published. It is fair to state that ZnO 1D nanostructures are proba-
bly the most important metal-oxide-semiconductor 1D nanostructures in nowa-
days research [44].

Growing interest in the synthesis of ZnO nanostructures is stimulated due
to promising applications in nanoscale technologies and devices. The motivation
of this work originates in the applications of ZnO in potential bio- and chemical

sensing devices, dye-sensitized solar cells, optoelectronic devices, and so on, for
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which ZnO is well suited.

This work aims to demonstrate how specific tailoring of ZnO nanostruc-
tures via different synthetic routes is closely related to properties and therefore
to the performance of the obtained material.

Aim of the research is the fabrication and characterization of high surface
area inorganic and hybrid inorganic/organic materials exploring their potential
applications in the actual converging technologies such as sensing and optical
appliances.

The electronic, optical and piezoelectric properties of ZnO
nano/microstructures are largely dependent on their composition, crystal struc-
ture, dimension, and morphology. In particular, low-dimensional ZnO structures
with controlled morphology offer great potential in efficient assembly of nano-
scale devices.

Different approaches are explored in this work, including Metal-Organic
Chemical Vapor Deposition (MOCVD) and Chemical Bath Deposition (CBD) in
order to design different ZnO material (thin films, nanorods, nanowires) and
control the location, orientation, distribution, and uniformity of nanostacks. The
obtained materials are analyzed using a complete structural, morphological and
optical characterization.

The deposition approach is altered depending on desired size of the result-
ing material. Particular attention is devoted to deposition temperature. The actual
technologies, moving towards flexible and molecular electronics, need a further
decrease of deposition temperature to satisfy process integration requirements.
In this perspective the conventional chemical vapor deposition (CVD) approach
will find an intrinsic limitation. In this sense, chemical bath deposition, which is
versatile and bio-safe technique, represents a good alternative to CVD. Indeed,
liquid phase deposition of materials allows the adoption of the low-cost and
high-throughput patterning technologies used in the printing industry to solar
cell production. Template assisted growth represents an alternative to above
mentioned methods of manipulating the building blocks into a regular form for
future advanced nanodevices. Various lithographic techniques, including photo-
lithography, electron beam lithography, interference lithography, nanosphere li-
thography, nano-imprint lithography, micro-contact printing, and inkjet printing,
are employed to control the spatial distribution of ZnO nanowires on a substrate.
Nanosphere colloidal lithography (NSCL) is a bottom — up strategy which al-

lows to design ordered arrays of the predefined shape. It offers a simple, cost-

4



Chapter 1 [1Introduction

effective, and high throughput lithographical approach.

Electrospinning (ES) can be another interesting approach to shrink the
size of materials features into the range of nanometers. This technique utilizes an
electric field for producing non-woven fibers. It has been shown to produce
“one-dimensional’” shapes including fibers, ribbons, filled and hollow tubes, all
having large specific surface areas. The electroceramic nanofibers represent the
building blocks for applications at the nanoscale such as gas sensors, piezoelec-
tric tubing for nanofluidics, and catalysts.

Herein, both NSCL and ES were merged with MOCVD or CBD ap-
proaches in order to allow the formation of porous nanopatterned arrays and hi-
erarchical core-shell nanostructures respectively. Subsequently, the characteriza-
tion methods used to study morphology, structure and optical properties are dis-

cussed.

1.2 Aim of the research

Current state of research revealed that ZnO nanostructures are equally im-
portant to carbon nanotubes and SiC nanostructures for nanotechnology. ZnO
nanostructures have found application in a wide variety of areas ranging from
bio- and chemical sensors to dye-sensitized solar cells. In these perspectives, the
controlled synthesis of ZnO nanostructures having high surface area is a key fac-
tor for the design of high performance devices.

The present research work has involved a series of issues in attempt to ad-
vance the understanding of the following challenges in ZnO nanostructures:

e Structural, morphological and dimensionally controlled synthesis of

ZnO nanostructures;

e Design of low-temperature growth of ZnO in order to get high quality
reproducible material compatible with wide range of substrates and
easily integrated with current device technologies;

e Large-scale, low-cost, patterned, and designed growth via bottom-up
lithographic and electrospinning techniques;

e Structural, morphological and optical characterisation of as grown na-
noarchitectures;

e Study of fluorescence recovery behaviour as a proof of concept of bio-

logical sensing.
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1.3 Thesis organization

This dissertation comprises 9 chapters. The motivation and the current
challenges for ZnO nanostructures research are briefly reviewed in Chapter 1.

With the generation of new devices, one has to understand and control the
morphology of ZnO. This thesis is focused mainly on controlled fabrication and
characterization of high surface area ZnO materials having various morphology,
e.g. thin films, nanorods, nanowires and hierarchical core-shell nanostructures

(see Fig. 1.1), providing enhancement of surface area of ZnO.

=
[}
s Z 2
= 8 (_I)
= =
2 z g
w = 5
$m z s}
(Fe Sm Eg
ol E 2
Ll 5 L& LJd5
= = =
L] = o
T2 Te 2

| High surface area ZnC

-

|Terﬂplate assisted growth |

I? %I

[ NSCL

ES |
Er ﬂ—*:a_ Nanohole arrays ﬂCore-shell shructures
o1 1 [ | MO CYD |
- o)
9 = Q
1 1gl |2
o
sl |2
L=
= | ]

Figure 1.1: Scheme of deposition techniques applied in the present work

In Chapter 2 of this dissertation, a brief account of the current state-of-the-
art in the area of history in zinc oxide research and properties of ZnO nanostruc-
tures are presented. Furthermore, the trends in ZnO synthetic methods are dis-
cussed using data currently available in the literature. Finally, based on current
achievements in design and tailoring of properties and structure of ZnO, the lat-

est advances in applications are reviewed in detail.
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Chapter 3 of this dissertation focuses on the synthetic methods used to
grow nanostrtuctures. Aside from the methods such as metal-organic chemical
vapor deposition and chemical bath deposition, commonly used in ZnO growth,
electrospinning and nanosphere colloidal lithography are presented. NSCL form-
ing a polymeric template on surface allows to obtain patterning on the substrate.
Electrospinning is employed in assistance to create fibers which are used for the
growth of hierarchical nanostructures. Subsequently, characterization methods
used to study morphology, structure and optical properties are discussed.

Chapter 4 establishes the choice of metal organic precursor used in this
work for MOCVD deposition of ZnO. Moreover, it demonstrates the morphol-
ogy resulting from deposition in the high temperature range. The role of deposi-
tion time and temperature is discussed in terms of the two-dimensional (continu-
ous grain-like film) to one-dimensional (nanorods) evolution.

Chapter 5 covers the catalyst-assisted growth of ZnO films in the tempera-
ture range 300 - 600 °C. Ag catalyst was chosen as an alternative to commonly
used catalysts as Au, Pt or Pd. Accurate tailoring of thin film growth conditions
is discussed. The temperature range is attributed to the choice of catalyst to
avoid unwanted oxidating leading to poor quality nanowires. Besides the general
MOCVD growth parameters such as growth temperature and time, as well as
catalyst concentration is also found to be critical for the ZnO growth [45].
Moreover, catalyst-assisted MOCVD growth on templates formed via NSCL in
order to grow hexagonally patterned ZnO thin films is reported. A complete set
up of optimal process conditions for an effective nanosphere colloidal lithogra-
phy/catalyst assisted MOCVD process integration is presented. It mainly focuses
on the determination of the deposition temperature threshold for ZnO MOCVD
growth as well as the concentration of metal-organic silver (Ag) catalyst. Indeed,
the optimization of such process parameters allows to tailor the ZnO film mor-
phology in order to make the colloidal lithography/catalyst assisted MOCVD
approach a valuable bottom up method to fabricate bi-dimensional ordered ZnO
nanohole arrays [46].

Chapter 6 focuses on the low-temperature (< 400 °C) growth of ZnO thin
films catalyst-free MOCVD method. Their full characterization in terms of
structure is provided. MOCVD deposition below 300 °C yielded slow growth
rate and poor deposition efficiency. Indeed, growth at such low temperatures is
critical and hard to control. Longer growth times, however, allowed formation of

smoother films and good coverage. Furthermore, successful integration of
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NSCL-MOCVD approach for ZnO nanohole arrays fabrication is demonstrated.
Moreover, as grown films have been studied in terms of sensitivity to model
analyte proteins. Accordingly, it is suggested that protein mobility on the nanos-
tructured ZnO film is strongly affected by topography of as deposited films.
Thus, mobility is inhibited due to an enhanced friction resulting from the mole-
cules moving inside the pore rims. On the other hand, the protein molecules
which are freely moving around the laterally homogeneous ZnO substrates will
experience a higher effective diffusion [47].

In Chapter 7 of this dissertation, chemical bath deposition of ZnO nanos-
tructures as a low temperature (< 100 °C) alternative to MOCVD is discussed.
Although wet chemical approaches have attracted more recent attention in ZnO
research, the mechanism and role of growth parameters are still a matter of
study. The current efforts are particularly devoted to the study of the ligand con-
centration and seed role in formation of high-quality ZnO nano-arrays. To do so,
buffer layers are deposited by temperature reducing (< 200 °C) of drop-casted
Zn*" salts and MOCVD-grown ZnO layers at various temperature (300 - 600
°C). The growth is conducted in solution employing amine-based precursors.
Ligand concentration appears to strongly affect the alignment of ZnO nanorods
on the substrate, their lateral dimension and the related surface density. Length
and diameter of ZnO nanorods increase upon increasing the ligand concentra-
tion, while the nanorod density decreases. Whereas, the structure and thickness
of the seed layer strongly influences the final morphology and the crystal textur-
ing of ZnO nanorods as well as the CBD growth rate. There is, in addition, a
strong correlation between morphologies of CBD grown ZnO nanorods and
those of the seed layer underneath. Thus, nanorods grown on drop-casted seed
layers and the ones deposited over low temperature MOCVD buffer layers are
less homogeneous in lateral dimensions and poorly vertically oriented. On the
contrary, higher temperature nano-dimensional ZnO seeds favor the CBD
growth of almost mono-dimensional homologue nanorods, with an adequate
control of the lateral transport of matter [48,49]. The nanorod aspect ratio values
decrease upon increasing the deposition temperatures of the seed layers. Fur-
thermore, the current advances in low temperature solution growth of structured
arrays via three step MOCVD-NSCL-CBD approach are presented. X-ray pho-
toelectron spectroscopy (XPS) characterization suggested that patterned arrays
are more hydrophilic due to the presence of polar moieties. The obtained ZnO

nanoarrays appeared to be promising in sensing of proteins [50]. Successful
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fluorescence enhancement has been achieved. It is shown that protein exhibits
reduced mobility due to high porosity and surface polarity.

Chapter 8, in turn is focused on fabrication of hierarchical ZnO nanostruc-
tures allowing drastically increase surface-to-volume ratio. In this chapter, com-
bined electrospinning - MOCVD approach is employed to fabricate TiO, core
nanofibers shelled with ZnO nanostrtuctures [51]. The effect of Zn doping is
studied, therefore TiO, fibers are characterized before and after ZnO depositon.
It is shown, that at current deposition conditions (600 °C) Zn - dopant initiated
TiO, anatase - rutile transition confirmed by XRD data. The structural and opti-
cal properties of ZnO-TiO, core-shell nanostrtuctures were comprehensively
characterized. The amount of doping and deposition time plays an important role
in morphology of as grown nanoarchitectures. Thus, nanostructure with small
rounded ZnO grains are observed for Zn doping < 5%, while high doping and
longer deposition time (90 min) yields ZnO nanonedlees hierarchical structures.
The particularly favorable surface-to-volume ratio, due in turn to the large den-
sity of ZnO single crystalline nanorods/nanoneedles on the shell surface, pro-
motes a remarkable cathodoluminescence emission in the UV and green regions.

Finally, a separate conclusion is presented in Chapter 9, the last chapter of

this dissertation.
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2. State of the art

2.1 Introduction

This Chapter aims to demonstrate the current state in technology in ZnO
research covering ZnO properties, synthetic techniques and applications. Device
performance is closely related to the structure of ZnO nanomaterial, which in
turn determines the properties. Therefore, a rational design of the nanostructures
may lead to optimal conductivity and electron transport. Aside from the surface
modification the fabrication of ZnO nanostructures is a direct way of improving
the efficiency of optoelectronic and sensing devices, the tailoring of materials for
a defined purpose is herein emphasized to be an important way of speeding up
the development nanotechnology progress.

2.2 History of ZnO research

ZnO is playing an increasingly key role in developing Nanoscience and
Nanotechnology because of its remarkable performance in electronics, optics,
photonics and sensing such as protein selectivity, photocatalysis and gas sensing
[1]. Figure 2.1 represents a bar chart of the last 20 years of the number of pub-
lished papers (source ISI Web of Knowledge, Topic: Zinc Oxide) related to zinc
oxide. Over the abovementioned period the number of publications has increased
more than 17 times and keeps growing with more recent reviews published [2-
6]. It is fair to state that carbon nanotubes, silicon nanowires, and ZnO nanos-
tructures are probably the most important nanomaterials in today’s research.

The first studies focusing on ZnO date back several decades when in 1935
the lattice parameters were determined [7]. Like most other wide band gap semi-
conductors, synthesis of ZnO thin films has been an active field because of their
applications as sensors, transducers and catalysts in the late 1950s - 1960s when
the extensive study of optical, electrical and structural properties of semicon-
ducting ZnO was conducted [8]. The actual renaissance of research and growth
of this material has been started in the past decade mostly attributed to the out-
standing piezoelectric, optoelectronic and biocompatible properties and numer-
ous application possibilities, especially since the study of one—dimensional (1D)
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materials has become a leading edge in nanoscience and nanotechnology.

No of Ref/Year

Figure 2.1: Number of ZnO related papers published by year (Source ISI Web of knowledge)
2.3 ZnO structure

Zinc oxide is an oxidic compound which exists in nature as a rare mineral
called zincite having red or orangy color due to manganese impurities [2]. The
ZnO crystal structure is determined by the tetrahedraly coordinated bonding ge-
ometry. The crystal structure of ZnO may vary (zinc-blende-type, hexagonal-
wurtzite-type and rocksalt structure) and depends on the arrangement of the bi-
layers formed by neighbouring tetrahedrons consisting of zinc and oxygen layers
[3.4].

Under ambient conditions, the thermodynamically stable crystal structure
is the hexagonal wurtzite P6;mc with a large anisotropic property in c-axis direc-
tion and perpendicular to the c-axis. The wurtzite structure is favoured over the
other phases due to high bond polarity. The considerably high degree of polarity
is caused by the very strong (3.5) electronegativity of the oxygen which together
with the quite low (0.91) zinc electronegativity value leads to an ionicity of
0.616 on the Philips scale [9].

A schematic representation of wurtzite structure is shown in Fig. 2.2.
Simply, the Zn®" cations and O®" anions are tetrahedrally coordinated and the
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centers of the positive ions and negatives ions overlap with each other. The crys-
tal exhibits partial polar characteristics with lattice parameters a = 0.3296 and ¢
= 0.5207 nm [10]. The crystal lacks of center symmetry, which is the core of

piezoelectricity due to the intrinsic crystallographic structure.
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Figure 2.2: (a) Wurtzite structure model of ZnO, (b) The three types of facets of ZnO nanostruc-
tures (Reprinted from [10])

Zinc oxide crystal exhibits several typical surface orientations. The most

important surfaces are the basal planes - (0001) and (0001), prism planes -
(1010) and (1120) and pyramidal plane (1121). Another important character-

istic of ZnO is polar surfaces. The most common polar surface is the basal plane
(0001). One end of the basal polar plane terminates with partially positive Zn
lattice sites and the other end terminates in partially negative oxygen lattice sites.
The oppositely charged ions produce positively charged Zn - (0001) and nega-
tively charged O - (0001) surfaces, resulting in a normal dipole moment and
spontaneous polarization along the c-axis as well as a variance in surface energy.
Additionaly, these surfaces are found to be atomically flat, stable and exhibit no

reconstruction [11, 12]. The other two most commonly observed facets for ZnO

are (21 10) and (01 10 ), which are non-polar and have lower energy than the
(0001) facets [10].
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2.4  Properties of ZnO nanostructures

Fundamental understanding of the physical properties of the material is
important for technological advances. Due to the diversity in morphologies and
structures of ZnO the properties of individual nanostructures can have large
variations. ZnO nanorods and nanowires are important because of their unique
structural one-dimensionality and possible quantum confinement effects in two
dimensions. They can possess novel electronic and optical properties, piezoelec-
tric and pyroelectric properties which make them good candidates for applica-
tions in room-temperature ultraviolet (UV) lasers, field-effect transistors,
photodetectors and photocatalysts, gas sensors, transducers, energy generators
and solar cells (Fig. 2.3) [10]. In addition, magnetic and electrical properties can
be modified by intentionally introducing impurities into the lattice. ZnO is also a
“green” material that is biocompatible, biodegradable, and non-toxic for medical

applications and environmental science [13].

Optics and ) Biomedical
Large ¢ Biocompatible
Biodegradable

Non-toxic

Energy

Photocatalysis fi duci
00ca|_a|12yfsr|°smo|_r|2pcr)o s Piezoelectricity

Sensors and actuators

Conversion of mechanical Pyroelectricity

energy

Figure 2.3: A summary of applications and properties of ZnO [10]

ZnO is a wide band gap (3.37 eV at 300 K) semiconductor with high elec-
tron hole- binding energy (60 meV) and an exciton Bohr radius in the range of
1.4-3.5 nm [14]. Basic physical parameters of ZnO and other commonly used

semiconductors are presented in Table 2.1.
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Table 2.1: General properties of commonly used semiconductors

Properties ZnO | GaN | TiO, | SnO,
Density , g/cm3 5.61 | 6.15 | 423 | 6.95
Melting point, K 2248 | 2500 | 1843 | 1630
Relative dielectric constant 8.66 | 8.9 | 843 | 9.86
Gap Energy, eV 337 | 34 | 375 | 3.6
Exciton binding energy, meV | 60 25 | N/JA | 130

2.4.1 Optical properties

Optical properties of one-dimensional ZnO are important for many of
their technological applications in photonic devices, LED and lasers [15-17].
Notably, ZnO has a large exciton binding energy of 60 meV, which is more than
twice that of GaN (25 meV) and much greater than thermal energies at room
temperature (25 meV), and high optical gain of 300 cm™ (100 cm™ for GaN) at
room temperature [18-21]. This allows ZnO to provide stable band-edge ultra-
violet (UV) emission at room temperature via an exciton recombination process
as opposed to the significantly less efficient electron—hole plasma process em-
ployed in current GaN - based devices [22].

In general, ZnO shows five types of luminescence emissions [23-31]:

e Near band edge emission at around 390 nm (UV emission), attributed

to free-exciton recombination;

e Blue emission at around 460 nm is because of intrinsic defects such as
oxygen and zinc interstitials;

e Green emission at around 540 nm is known to be a deep level emission
which is caused by impurities, a structural defects in the crystal such as
oxygen vacancies, zinc interstitials, etc.;

e Yellow emission which is associated with excess oxygen;

e Red emission at around 630 nm - 680 nm due to oxygen and zinc an-
tisites.

Therefore, the optical properties depend critically on microstructure, tex-
ture, and surface morphology, on the presence of defects which in turn depends
on the deposition method, doping and surface modification.

Song et al. studied the effect of pH at hydrothermal growth of ZnO nano-
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rods on the photoluminescence properties [31]. Fig. 2.5 shows that ZnO nano-
rods, synthesized at a lower pH=10.6, had a higher UV emission (Iyy) and a
lower deep-level emission (Ipig) peak. Iyy/IpLg ratio was 1.24 and 0.18 for the
ZnO nanorods synthesized at a pH of 10.6 and 13.0, respectively. XPS study
suggested that such phenomena is due to oxygen deficiencies and can also be re-
lated to the fact that lower pH led to larger nanorod formation which in turn are

less influenced by imperfect boundaries and stacking faults [31, 32].

pH 13.0

Intensity (a.u.)

pH10.6

PN T TN T T ST ST T TN AT TN SO TN N SN TN SO ST W Y Y WY SO T N T S 1
350 400 450 500 550 600 650
Wavelength (nm)

Figure 2.5: PL spectra of ZnO nanorods synthesized in the solutions with pH of 10.6 and 13.0

using zinc sulfate as a precursor (Reprinted from [31])

Singh et al. showed that surface modification of ZnO nanoparticles with
various capping agents (triethanolamine and thioglycerol) has a strong effect on
photoluminescence [33]. It shows that PL intensity is higher when thioglycerol
is used as surfactant due to the formation of smaller ZnO nanoparticles as com-
pared to TEA. However, no blue shift has been observed in photoluminescence
spectra due to size effect as the PL emission generally comes from the ZnO
nanocrystals, and the blue shift in the optical absorption spectra is due to the
amorphous phase in the material [34].

The technical progress made in synthesis (bulk and nano) and epitaxial
growth of thin films and the results indicate the possibility of realizing both n-
type and p-type conduction in ZnO [3-6]. Making p-type ZnO is still a challenge
and remains an intriguing issue. The domains of interest for compounds based
on ZnO and associated heterostructures are optoelectronics and spintronics. It is

obvious that there is high potential for ZnO in optoelectronic applications of
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ZnO with respect to some of the competing compound semiconductors such as
ZnS, GaAs, ZnSe. This also gives strong resistance to high temperature elec-
tronic degradation during operation (e.g. laser diodes). ZnO is transparent to
visible light and can be made highly conductive by doping [35].

2.4.2 7ZnO piezoelectric properties

Piezoelectricity is an intrinsic property of ZnO. An origin of piezoelectric-
ity lies in its crystal structure, in which zinc atoms and oxygen atoms are tetra-
hedrally bonded. ZnO wurtzite crystal has a hexagonal structure with a large ani-
sotropic property in c-axis direction and perpendicular to the c-axis. The crystal
lacks of center symmetry, which is the core of piezoelectricity due to the intrin-
sic crystallographic structure. Therefore, the crystal shows no polarization under
strain-free condition. If a stress is applied at an apex of the tetrahedron, the cen-
ter of the cations and the center of anions are relatively displaced, resulting in a
dipole moment (Fig. 2.6). A constructive adds up of the dipole moments created
by all of the units in the crystal results in a macroscopic potential drop along the
straining direction in the crystal. This is the piezoelectric potential (piezopoten-
tial) (Fig. 2.6). The piezopotential, an inner potential in the crystal, is created by
the non-mobile, non-annihilative ionic charges, the piezopotential remains in the
crystal as long as the stress remains. The magnitude of the piezopotential de-

pends on the density of doping and the strain applied [36].
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Figure 2.6: Piezopotential in wurtzite crystal. (Reprinted from [36])
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Corso et al. demonstrated that ZnO piezoelectric effect results from two
different contributions of opposite sign, which are reffered to as the “clamped
ion” and “internal strain” [37]. Low value of clamped ion is responsible for the
large piezoelectric tensor of ZnO, which is also affected by the internal relaxa-
tion of anion and cation sublattices induced by the macroscopic strain. The theo-
retically calculated piezoelectric coefficient for ZnO £33=0.89 C/m” is quite close
to the experimentally measured value of &;;=1.0-1.2 C/m* [38]. In fact, among
the terahedrally bonded semiconductors, ZnO has the highest piezoelectric ten-
sor which provide a large electro-mechanical coupling [39].

The magnitude of the piezoelectric effect depends on the growth direction
and morphology of the material. Thus, thin films have lower piezoelectric tensor
value than one-dimensional nanostructures. The most desirable morphology to
maximize the piezoelectric effect is to create nanostructures that preserve large
area (0001) polar surfaces [37]. Atomic force microscopy with conductive tips
was applied to measure the piezoelectric coefficient of ZnO nanobelts [39].
Nanobelts of ZnO were deposited on a conductive Si substrate covered with the
100 nm layer of Pd. The effective piezoelectric coefficient of ZnO nanobelt was
found to be frequency dependent and varied from 14.3 pm/V to 26.7 pm/V (Fig.
2.6), which is much larger than that of the bulk (0001) ZnO of 9.93 pm/V.

Due to the small thickness of nanobelts, spontaneous polarization and
elasticity leads to the minimum of total energy resulting in helical growth [40].
Due to the unique combination of piezoelectric and semiconducting properties of
1D ZnO nanostructures, the latter can be used in nanopiezoelectronics for de-
signing and fabricating electronic devices and components, such as field effect

transistors, diodes, generators, sensors and actuators [10].

2.4.3 Biocompability, biodegradability and biosafety of ZnO

Fabrication of nanoscale biosensors based on ZnO nanorods, nanowires,
and other nanomaterials has recently attracted enormous attention. Therefore, it
is also crucial to explore their biosafety, biocompatible and bio-degradability.
Several groups studied toxicity of nanostructured ZnO. ZnO nanoparticles are
believed to be toxic which is related to the release of ionic zinc. Thus, it has
been shown that dissolution behavior of ZnO is strongly dependant on the mor-

phology of nanostructures. Muller et al. claimed that high aspect ratio ZnO
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nanowires are cytotoxic to human monocyte macrophages, indicating that toxic-
ity is related to the Zn®" release at a given pH [41]. On the other hand, George et
al. reported that iron doping allows the reduction of ZnO cytotoxicity, as it pro-
vides slow Zn*" release [42].

Recently, Z.L.Wang et al. shed the light on the biodegradability and bio-
compability of ZnO nanowires and nanobelts [13, 43]. They were the first to
present a systematic study on the etching and dissolving behaviour of ZnO
nanowires in various solutions with moderate pH values (e.g. water, ammonia,
NaOH solution and horse blood serum). They showed that ZnO can be dissolved
by deionized water (pH = 4.5-5.0), ammonia (pH = 7.0-7.1, 8.7-9.0) and NaOH
solution (pH = 7.0-7.1, 8.7-9.0). The study of the interaction of ZnO wires with
horse blood serum shows that the ZnO wires can survive in the fluid for a few
hours before they eventually degrade into mineral ions.

For the study of the stability of the ZnO wires in horse blood serum, a
ZnO wire was fixed onto a Si substrate with Pt metal on two ends deposited by
focus ion beam (FIB) microscopy. The Si substrate and the ZnO wire were im-
mersed in the designated liquid (ca. 5 mL) for a controlled time. Subsequently,
the Si substrate was taken out and washed with NaOH solution (pH = 7.0-7.1)
and ethanol for ca. 1 min, respectively. SEM image taken after each step to ex-
amine the morphology of the ZnO wires is shown in Fig. 2.7 (a-d).

Figure 2.7: SEM images of a ZnO wire that has interacted with horse blood serum diluted in 10%
aqueous NaOH solution (pH = 7.9-8.2) for different lengths of time. a—d) SEM images
of the ZnO wire after 0, 1, 3, and 11 h in the blood solution, respectively. The scale bar
in (a) is the same for (b—d). (Reprinted from [13])

No visible etching of ZnO nanowire was observed after 1 h in the solution
(Fig. 2.7 (b)). Subsequently, the etching became severe after 3 h of interaction as
indicated by the reduced wire diameter (Fig 2.7 (¢)), while increasing of etching
time to 11 h (Fig. 2.7 (d)) resulted in ca. 94% by volume of the ZnO dissolution.

20



Chapter 2 [1State of the art

Later, they presented a cellular level study of biocompability and biode-
gradability of ZnO. Wang et al. found ZnO nanowires to be biocompatible and
biosafe to two cell lines (Hela cells and 1.929 cells) from different origins of tis-
sues in the incubation period up to 48 h keeping the nanowires concentration
lower than 100 pg/ml [43]. All discussed makes ZnO an excellent candidate for

the in vivo biomedical applications.

2.5 Morphology and synthesis of ZnO nanostructures

There is a large number of synthetic techniques that can result in a wide
variety of shapes, size distributions and overall electrical, optical and piezoelec-
tric properties of grown material. Together with the polar surfaces due to atomic
terminations, ZnO is the unique material characterised by a diverse and versatile
morphology family which is probably wider that any other material known (Fig.
2.8) [44.,45]. Different nanostructures of ZnO have been reported such as wires,
rods, combs, rings, loops, helices, bows, belts, flowers, cabbages, tetrapods,

cages etc.

Figure 2.8: A collection of nanostructures of ZnO synthesized under controlled conditions by
thermal evaporation of solid powders. (Reprinted from [44])

These structures have been efficiently synthesized with good reproducibi-
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lity and crystal quality by tuning the growth rates along three types of fast grow-
ing directions. These directions are +[0001], <01 TO>

(+£[0110],£[1010], £[1100]) and <2TTO> (+[1270], +[2110],

+[1120]) (Fig. 2.9) [46,47]. The polar faces are electrostatically unstable
Tasker type III surfaces [48], making the £[0001] planes have the highest en-

ergy of the low-index surfaces. Therefore the c-axis orientation is the preferred
one for the ZnO hexagonal structure. The relative surface activities of various
growth facets under given conditions are the key factor determining the mor-
phology of grown material. Macroscopically, a crystal has different kinetic pa-
rameters for different crystal planes, which are emphasized under controlled
growth conditions. Thus, after an initial period of nucleation and incubation, a
crystallite will commonly develop into a three-dimensional object with well-

defined, low index crystallographic faces.

(D001)

Figure 2.9: Typical growth morphologies of ZnO nanowire/nanorod with corresponding facets
(Reprinted from [46])

Figure 2.9 shows a nanowire/nanorod morphology, which is mostly dis-

cussed in the present work, for ZnO nanostructures. These structures tend to
maximize the areas of the <01TO> and <2TTO> facets because of the lower
energy [46]. The growth rates of various surfaces can also be kinetically con-
trolled, especially in the case of solution-phase syntheses at moderate tempera-

tures. For example, the growth of certain surfaces can be impeded by using addi-

tives that preferentially adsorb to specific crystal faces.
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The ability to grow new and better quality materials for a wide variety of
applications has been a major factor in the phenomenal growth of the opto-
electronics, spintronics and sensing device-industry over the last few decades.
Though, the fundamentals of all methods have been established in 60s — 70s
years of last century, currently, the requirements in high quality large single
crystals and uniform epitaxial layers gave rise to new developments. As of late,
tremendous efforts were dedicated to design the synthetic methodologies to fab-
ricate ZnO material. Some of the physical growth techniques allowing good con-
trol over the deposition procedure are molecular beam epitaxy (MBE), magne-
tron RF-sputtering, pulsed laser deposition [49-51] etc.

Approaches described in present work included chemical growth of ZnO.
The chemical synthetic methods to grow ZnO nanostructures of various shape
can be classified into two big groups as follows: gas phase synthesis and solution

phase synthesis.

2.5.1 Gas phase synthesis

Gas phase synthesis uses gaseous environment in closed chambers. Nor-
mally the synthesis is conducted at rather high temperatures in the range 500 —
1500 °C. Some commonly used gas phase methods are vapor phase transport,
which includes vapor-solid (VS) and vapor-liquid-solid (VLS) growth, physical
vapor deposition, chemical vapor deposition, metal-organic chemical vapor
deposition, thermal oxidation of pure Zn and condensation, microwave assisted
thermal decomposition [52-56] etc. Some of these methods are discussed below.

The vapor-liquid-solid growth was proposed by Wagner et al. for the
growth of silicon whiskers on liquid Au droplets places on a silicon substrate
[58]. Later, P.Yang et al. applied the process for the ZnO growth with the use of
gold as catalyst [59-61]. In the process the gold catalyst, dispersed in colloids or
thin film on the substrate, initiates and guides growth, resulting in 5 - 20 pum
long wires (Fig. 2.10). The process involves the high temperature (800 - 1000
°C) reduction of ZnO powder by carbon to form Zn and CO/CO, vapor. The Zn
vapor is transported and reacting with the Au on the substrate forms alloy drop-
lets. Supersaturation of the droplets is required to form crystalline ZnO
nanowires. The Au thickness variation allows to control the diameter of the

nanowires.
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Figure 2.10: The Schematic representation of VLS growth (Reprinted from [61])

The spatial distribution of the catalyst particles determines the pattern of
the nanowires allowing fine control of position and density of as-grown material.
This step can be achieved using a variety of patterning technologies (e.g. lithog-
raphy) for producing complex configurations. Fig. 2.11 represents typical scan-
ning electron microscope (SEM) images of nanowire arrays grown on a-plane

sapphire substrates.

Figure 2.11: SEM images of patterned ZnO growth (Reprinted from [61])

These results confirm that the ZnO nanowires grow only in the Au-coated
areas, and each nanowire is capped with Au—Zn alloy clusters on the tip and only
in the presence of graphite. By adjusting the growth time, nanowires could be
grown up to 40 um length. The diameters of these wires range from 20 to 150
nm [61].

Apart from widely-used Au catalyst, Fe and Sn are also used for vapor-

liquid—solid growth [62,63]. Wang et al. revealed that Sn particles can guide
[0001] growth nanowires, as well as [0110]and [2110] growth nanobelts.
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The interface prefers to take the least lattice mismatch, thus, the crystalline ori-
entation of the tin particle may determine the growth direction and the side sur-
faces of the nanowires and nanobelts.

Another group suggested to use self-assembled thiol modified gold parti-
cles to promote site-selective growth of ZnO [64]. First, a patterned ZnO seed
layer was fabricated using lithography. Gold nanoparticles functionalized with a
layer of phosphonic acid were synthesized with uniform size. Then, using the
charge interactions on surfaces of the ZnO seed layer and the Au nanoparticles, a
monolayer of self-assembled Au nanoparticles was selectively deposited on the
areas covered by ZnO seeds. Growth using a VLS process at 900 °C peak tem-
perature resulted in aligned nanowire arrays on the patterned areas. This growth
technique is likely to produce nicely patterned structures on any inorganic sub-
strate regardless of whether it is crystalline or amorphous for a wide range of
applications such as sensors, field emitting devices, and light-emitting devices.

The vapor-liquid-solid mechanism has been widely applied to the growth
of ZnO nanostructures. However, its application is rather limited as it requires
high growth temperatures (900 - 1200 °C) and expensive catalysts. Among other
growth techniques, chemical vapor deposition (CVD) is particularly interesting
not only because it gives rise to high-quality films but also because it provides
high deposition rate, conformal step coverage, capability to coat complex
shapes, adaptability to large scale processing and simplified apparatus [65]. On
the downside, CVD processes are extremely complex and involve series of gas-
phase and surface reactions, expensive and/or insulating (e.g. sapphire) sub-
strates are often required for oriented growth, as well as the size and cost of the
vapor deposition systems.

In the CVD method, ZnO deposition occurs as a result of chemical reac-
tions of vapor-phase precursors on the substrate, which are delivered into growth
zone by the carrier gas. The reaction takes place in the reactor where a necessary
temperature profile is created in the gas flow direction.

Wu et al. reported ZnO nanorod growth on bare fused silica or silicon
substrates at 500 °C [54]. To do so, zinc acetylacetonate hydrate was used as
precursor and vaporized at 130 - 140 °C in a furnace. The N,/O, flow was used
as carrier gas to transfer the vapour into the reactor where substrates were
placed. The as grown nanorods were oriented along c-axis direction having 60 -
80 nm in diameter. The photoluminescence study revealed three emitting bands,

namely, strong ultraviolet emission at around 386 nm, a very week blue band
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(440 = 480 nm), as well as an almost negligible green band (510 + 580 nm. Al-
most negligible green band suggests very low concentration of oxygen vacancies
in the aligned ZnO nanorod array, which together with high UV emission makes
it suitable for optoelectronic applications.

J.B. Baxter and E.S. Aydil described the use of zinc acetylacetonate to
grow ZnO nanowires having dendric structures in oxygen atmosphere at 550 °C
by using the same substrate in several growth cycles [66]. Repeating the growth
procedure led to the growth of nanowires which acted as nuclei promoting the
growth from shorter nanowires leading to a branched structure. Thus dendrite-
like structure having high surface area and high density was employed as the
wide-band-gap semiconductor to construct dye-sensitized solar cell with energy
conversion efficiency of 0.5% with internal quantum efficiency of 70%.

Park et al. studied the effect of deposition temperature on the morphology
of ZnO films [67]. Fig. 2.12 shows the ZnO morphology change with increase of
the temperature. Thus, at very low growth temperatures of 7, < 200 °C, no ZnO
formation was observed. Increase of the temperature to 200 °C < 7, < 260 °C led
to columnar-like ZnO grains having a large amount of crystalline defects. Fur-
ther rise in growth temperatures of 260 °C < 7T, < 320 °C resulted in arrays of
vertically well-aligned ZnO nanorods. The growth of ZnO nanoneedles was ob-
served implying growth temperatures of 320 °C < 7, < 380 °C. However, at

T, > 380 C, ZnO nanowires start to grow on top of a continuous ZnO layer.
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Figure 2.12: SEM cross section images of ZnO grown at various growth temperature (a) Tg< 200
°C, (b) 200 °C< Tg <260 °C, (c) 260 °C<Tg <320 °C (d) 320 °C < Tg <380 °C, and
(e) Tg> 380 °C. The ZnO morphologies grown at these temperature regimes are

schematically described (Reprinted from [67])

Along with growth from zinc acetylacetonate, the use of dimetyl- and di-
ethyl zinc, alkoxide and solid acetate are reported in literature [68-71]. However,
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crystallite sizes of the precursors effect on the precursor evaporation rate and,
therefore, the film growth rate [72]. Moreover, diethylzinc and dimethylzinc are
extremely pyrophoric that is why zinc acetate or zinc acetylacetonate based pre-
cursors represent a good alternative as zinc sources to overcome the handling
problems associated with the use of the pyrophoric compounds.

Recently, G. Malandrino et al. synthesized diamine adducts of zinc, the
Zn(tta),'tmeda (htta = 2-thenoyltrifluoroacetone, tmeda = N,N,N’,N’-
tetramethylethylendiamine) for ZnO thin films MOCVD growth [73]. Such pre-
cursors are water-free, thermally-stable, volatile, and in liquid state at processing
temperatures which allows to avoid fluctuations during the experiment [74]. The
as synthesized precursor was employed for ZnO deposition in the temperature
range 400 - 600 °C. The findings (see Fig. 2.13) suggested that the growth oc-
curred in a kinetic regime within the reported temperature range resulting in a

polycrystalline ZnO film formation [75].
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Figure 2.13: Arrhenius plot of deposition rate of ZnO film growth on quartz vs 1/T
(Reprinted from [75])

2.5.2 Solution phase synthesis

Solution phase synthesis, in turn, provides the growth of ZnO material in a
liquid. Normally aqueous or aqueous/alchoholic solutions are used. Some of the
solution phase synthetic approaches are hydrothermal growth, chemical bath

deposition, electrospinning, microwave-assisted approach [76-79] etc.
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Solution phase synthesis possesses some advantages over the gas phase
one due to low temperatures (<100 °C), formation of high density arrays, use of
simple equipment, cheap and environmentally friendly chemicals, and large ca-
pacity of growth vessel used along with good quality of obtained crystals.

Literature review on ZnO growth has shown that for successful solution
growth of high-quality crystals, growth system must satisfy the following re-
quirements:

e ZnO-precursor (usually soluble zinc salt, e.g. nitrate, chloride, acetate)

providing constant feedstock of Zn>" to growth zone;

e purity of the precursor and mineralizers providing high quality of crys-
tals;

e seed layers with crystallographic orientation (0001) providing growth
of high-quality crystal with appropriate growth rates;

e ¢rowth conditions (temperature, pH, time, pressure) providing growth
on seeds and absence of nucleation and growth in the solution to avoid
precipitation.

However, the disadvantage of hydrothermal method over CBD is that it
normally requires the presence of inner container isolating growth medium from
autoclave walls (usually Pt, Ag, and Ti-alloy); need of complicated equipment to
separate the reaction space onto two zones (dissolution zone and growth zone)
with individual temperature control (baftle with 10-15% open space), as well as
use of autoclaves to keep pressure at 50 - 200 atm.

The requirement of ZnO growth at low temperatures is attributed to the
possibility of integrating with general substrates. Secondly, the 1D nanostruc-
tures, namely nanowires, nanorods, nanobelts, have to be of high quality with a
high degree of control in size, orientation dimensionality, uniformity, and possi-
bly shape. Finally, the catalyst may need to be eliminated for integration with
silicon-based technology.

Laterally aligned ZnO nanowire arrays parallel to a substrate offer a po-
tential benefit for fabricating integrated nano-device arrays. Taking advantage of
the lattice match between ZnO and sapphire, Prof. Nikoobakht et al. received
ZnO nanowires grown from two sides of gold pads deposited on a sapphire sub-
strate [80]. However, the growth temperature (900 °C) and the choice of sub-
strate are rather limited, which greatly restricts the integration of nanowires with

silicon- or polymer-based devices. A general method has been developed to
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grow laterally aligned and patterned ZnO nanowire arrays on a general substrate
as long as it is flat. Orientation control is achieved using the combined effect
from a ZnO seed layer and the catalytically inactive Cr layer for nanowire
growth. The growth temperature (100 °C) is so low that the method can be ap-
plied to a wide range of substrate materials that can be inorganic, organic, single
crystal, polycrystalline, or amorphous.

Solution approaches to fabricate ZnO structures are appealing because of
their low growth temperatures, low-cost, reproducibility and good potential for
scale-up. Vayssieres et al. developed a hydrothermal process for producing ar-
rays of ZnO microrods and nanorods on conducting glass substrates at 95 °C
[81]. Later the process was used to grow flower like structures, rods and col-
umns at similar temperature [82].

Greene et al. reported two-step deposition of ZnO nanowires on seeded
with ZnO nanocrystals by spin-coating of silicon and plastic substrates with a
subsequent growth in zinc nitrate hydrate aqueous solution in presence of
methenamine or diethylenetriamine [83]. The as-grown nanowires were 200 nm
in diameter and 3 pm in length said to be well-oriented. The method is claimed
to be reproducible on a wide variety of substrates including ITO glass, sapphire,
titanium foil and polymeric substrates. Annealing as-grown arrays in reducing
atmospheres quenches the intense orange emission and lowers the lasing thresh-
old of the larger nanowires to values similar to gas-phase samples.

Generally, in aqueous solution, zinc (II) is solvated by water, giving rise
to aquo-ions. In dilute solutions, zinc(Il) can exist as several monomeric hy-
droxyl species. These species include ZnOH'(aq), Zn (OH),(aq), Zn(OH),(s),
Zn(OH)’ (aq), and Zn(OH), *(aq) [47].

At a given zinc (II) concentration, the stability of these complexes is de-
pendent on various process parameters such as the pH and temperature of the so-
lution. Solid ZnO nuclei are formed by the dehydration of these hydroxyl spe-
cies. The ZnO crystal can continue to grow by the condensation of the surface
hydroxyl groups with the zinc-hydroxyl complexes [84].

The hydrolysis and condensation reactions of zinc salts result in one-
dimensional ZnO crystals under a wide variety of conditions. In general,
rod/wire growth is possible in slightly acidic to basic conditions (5 < pH < 12) at
temperatures from 50 to 200 °C [85]. Moreover, basic conditions are crucial for
ZnO growth as divalent metal ions do not readily hydrolyze in acidic media. For
growth at pH < 9, several amine-based ligands (hexamethylentetraamine
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(HMTA), ethelenediamine (EDA), dimethylamineborane (DMBA), triethanola-
mine (TAA), diethylenetriamine (DETA)) were used to promote one-
dimensional ZnO precipitation. These additives play role in decomposing during
the reaction and increasing the pH to above 9 at the crystal surface.

On the other hand, the crystal morphology can be controlled by various
species in the solution, which act as promoters or inhibitors for nucleation and
growth. These species can include the zinc counter-ion, additives such as
amines, and acids and bases. In general, additives such as DMBA and sodium
citrate form platelets, while rods (aspect ratio < 10) and wires (aspect ratio > 10)
form in the presence of amines such as HMTA, EDA, TAA, and DETA. Goven-
der et al. studied the effect of the counterion for solutions containing HMTA
[86]. Solutions containing acetate, formate, or chloride mainly formed rods, ni-
trate or perchlorate produced wires, and sulphate yielded flat hexagonal plate-
lets. Although pH may play an important role in this case, these results show that
the species in solution can have a strong effect on the resulting morphology.

In solution method, the pH of synthesis solution plays an important role in
producing ZnO nanostructures. Literature review revealed that pH of the solu-
tion affects the density, size and shape of as-grown structures [31, 86-89]. Thus,
increase of zinc nitrate solution pH value from 7.5 to 11 resulted in the growth
of ZnO crystallites of higher density. The pH of counterion solution appeared to
affect the morphology of the ZnO powders prepared in zinc nitrate solution, as
one end-pointed shape was observed at a pH of 11, while lower pH value (6.7)
led to structures with flat faces. Also, increase of the pH resulted in the diameter
variation from 50 to 170 nm when the pH of the zinc nitrate solution was
changed from 8.8 to 9.7. The use of acids (e.g. HCI and CH;COOH) allows to
control the pH and decreased its value to the acidic region from 6.5 to 5, inhib-
ited the growth therefore reducing the size of ZnO crystals. Normally, wurtzite
ZnO crystals were synthesized in a zinc sulfate solution with a pH range of 9 —
13. However, Yahiro and Imai used various additives (e.g.PO43', citric acid, tar-
tatic acid, maleic acid, and phenolphthalein) to changed pH of zinc sulfate solu-
tion to modify the morphology of ZnO crystals [90].
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2.6  Some applications of ZnO

ZnO nanostructures are very promising for sensor applications use due to
their small dimension and high surface to volume ratio, chemical stability, the
oxide is single crystalline, low cost, low power consumption, on-line operation
and high compatibility with microelectronic processing. ZnO 1D structures have
been used as active components in gas and bio- sensors, visible light sensors,
visible-blind UV sensors, and strain sensors [91-94]. ZnO nanorod-based field
effect transistors (FET) and nanogenerator-based sensors may open up opportu-
nities for highly sensitive and selective real-time detection of a wide variety of
gas and bio molecules [95-96].

The first report on ZnO sensing capability date back to 1960s, when Sei-
yama et al. demonstrated that the conductivity of ZnO thin films heated to 300
°C were sensitive to the presence of the reactive gases in the air [97]. Further-
more, various research groups reported the potential use of ZnO nanowires, ow-
ing to the large surface area and good piezoelectricity, for detecting NO,, NHj3,
NH,, CO, H,, H,0O, Os, H,S, formaldehyde, triethylamine and C,HsOH [4].

The potential of ZnO nanostructures as nanosized biosensors has also
been explored for detecting different biological molecules such as glucose, cho-
lesterol, proteins and DNA [98-101]. Development of 1D ZnO nanostructures as
biosensors is in the state of infancy and only a limited number of reports are
available. The 1D ZnO biosensors have advantages such as stability in air, non-
toxicity, chemical stability, electrochemical activity, ease of synthesis, and bio-
safe characteristics. As in the case of gas sensors, the principle of operation is
that the conductance of ZnO nanorod FETs drastically changes when bio-
molecules are adsorbed.

The key factor in most biological processes is the need for a small change
of the pH concentration created by the release of H' ions during biochemical re-
actions. Therefore, determination of pH is a prerequisite for many processes.
The sensing mechanism for pH is the polarization-induced bound surface charge
by interaction with the polar molecules in the liquids. Application of ZnO nano-
rods as pH sensors for intracellular chemical sensing is under development and a
room-temperature sensitivity (change in surface potential) as high as 59mV per
decade change in the pH value has been reported [102].
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2.7  Concluding remarks

ZnO offers a great potential in providing opto-electronic, photonic, piezo-
electric and sensing devices, and astonishing progress has been made in the re-
search up-to-date. Despite this progress, there is still a number of important is-
sues that need to be further investigated before this material can be transitioned
to commercial use for the stated applications. The task is made more difficult by
the highly successful GaN and TiO, that compete for similar applications.

It is one of the most significant material in terms of the variety of syn-
thetic techniques available to grow nanostructures of various shapes and mor-
phology which coupled with outstanding properties determine its wide range of
applications. However, there is still much to be understood in terms of growth
mechanisms and accurate tailoring of ZnO nanostructures. Another issue is the
ease of fabrication and high reproducibility of large arrays through vapor and so-
lution techniques.

ZnO also paves its way to applications in sensing, in part, due to the ease
with which ZnO can be produced in the form of nanostructures. In the case of
ZnO-based sensing devices, the critical issues are high surface-to-volume ratio
of the material and the good electron mobility and recombination properties, as
well as the choice of ZnO processing and tailoring conditions, which are impor-
tant in achieving the structures allowing high sensitivity and selectivity towards
analyte molecules. There is still much to be understood in terms of the mecha-
nism of ZnO gas and bio-sensors as the selectivity still remains to be the main
issue since identification of the nature of the absorbed molecules is very impor-
tant. Research on this topic is still facing challenges on both scientific and tech-

nological aspects.
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3. Experimental methodology

and material synthesis

3.1 Introduction

This chapter describes the experimental conditions which were used in the
work for this thesis. The first part of the chapter describes the system of deposi-
tion used for the fabrication of ZnO nanostructures. The second part of this
chapter is dedicated to the characterization methods of the used for measure-

ments of structural, crystal and optical properties of the ZnO nanostructures.
3.2 Preparation of substrates

The substrates used for the deposition were (i) monopolished (100) silicon
(University Wafer), quartz and glass substrates. Specifically, glass coverslip
(Biopthecs) were used for confocal microscopy measurements.

Silicon substrates prior to use have been etched in HF (7:1 HF/H,O dilu-
tion) for 60 s in order to remove the surface native oxide, washed with water and
blown with nitrogen. As for the glass and quartz substrates they have been soni-
cated for 15 min in acetone, ethanol and Millipore water respectively and blown
with nitrogen.

Prior to nanopatterning the seedless substrates were cleaned with piranha
(H20,:H,S04 1:3) for 10 minutes.

33 Synthesis of metal organic precursor

Materials. Zinc acetate dehydrate (Zn(CH;COO), 2H,0, MW = 219.51,
Carlo Erba), 2-thenoyltrifluoroacetone (H-tta) (CF;COCH,COC4H3S, MW =
222.18, STREM Chemicals), N, N, N', N' - tetramethyletilendiamine
(TMEDA/tmeda) ((CH;),NCH,CH,N(CH3;),, MW=116.21, Alfa Aesar), di-
chloromethane (CH,Cl,, MW=84.93, Sigma Aldrich), Ethanol (C,HsOH, MW =
46.07, Sigma Aldrich), Pentane (CsH;,, MW = 72.15, Sigma Aldrich). All

chemicals were of analytical reagent grade and used without further purification.
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A diamine (N,N,N',N'-tetramethyletilendiamine) adduct of zinc bis(2-
thenoyl-trifluoroacetonate) has been used as a metal-organic precursor [1]. For
the synthesis, an aqueous solution of Zn(CH;COO), 2H,0 (2.064 g) in 50 ml of
H,0 was added to a CH,Cl, solution (40 ml) containing H-tta (4.177 g) and
TMEDA (1.418 ml):

The resulting solution was vigorously stirred at room temperature for 2 h.
The Zn(tta), tmeda, insoluble in the CH,CI,/H,O mixture, precipitates, and is re-
covered by adding ethanol (20 ml). The solution was left to crystallize, and the
Zn(tta),'tmeda crystals were washed with small quantities of pentane, in which

the adduct is insoluble.

34 Synthesis of catalyst

Materials. Silver oxide (Ag,O, PM = 231.74, Sigma Aldrich), 1,1,1,5,5,5-
hexafluoro-2,4-pentanedione (H-hfa), (CsH,FsO,, PM = 208,06, Sigma Aldrich),
2,5,8,11,14-pentaoxatetradecane (tetraglyme), (CH;O(CH,CH,0),CH;, PM =
222.28, Sigma Aldrich). All chemicals were of analytical reagent grade and used
without further purification.

The adduct of Ag(hfa)-tetraglyme precursor, whose synthesis has been re-
ported elsewhere [2], used to obtain catalyst layer promoting ZnO growth, was
synthesized using single-step reaction of silver oxide (2.317g) with 1,1,1,5,5,5-
hexafluoro-2,4-pentanedione (4.161g) and tetraglyme (4.445g) in dichloro-
methane (50 ml).

The resulting solution was vigorously stirred at room temperature for 1 h.
The solution was left to crystallize, and the Ag(hfa)tetraglyme crystals were

washed with small quantities of pentane, in which the adduct is insoluble.

3.5 Catalyst patterning

The adduct of Ag(hfa)-tetraglyme precursor was dissolved in ethanol and
solutions having various concentrations, i.e. 0.1 M and 0.01 M, were prepared.
The above mentioned solutions were drop casted (20 pl drop) on Si substrates,

dried at room temperature and annealed in air at 400 °C for 30 min.
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3.6  ZnO nanostructure fabrication techniques

The oxide nanostructures to be discussed in present work were synthe-
sized by metal-organic chemical vapor deposition and/or chemical bath deposi-
tion integrated with electrospinning or colloidal nanosphere lithography tech-

niques.
3.6.1 Metal-Organic Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a process whereby a thin solid film is
deposited onto a substrate from the gaseous phase by a chemical reaction. It is
this reactive process which distinguishes CVD from physical deposition proc-
esses, such as evaporation, sputtering and sublimation.

According to the characteristics of the CVD processing parameters, CVD
methods are generally classified and categorized into seven main types of fabri-
cation depending on temperature, pressure, wall/substrate temperature, precursor
nature, depositing time, gas flow state and activation manner.

Classified by operating pressure:

e Atmospheric pressure CVD (APCVD) - CVD processes at atmospheric

pressure.

e Low-pressure CVD (LPCVD) - CVD processes at subatmospheric
pressures.

e Reduced pressures tend to reduce unwanted gas-phase reactions and
improve film uniformity across the wafer. Most modern CVD process
are either LPCVD or UHVCVD.

e Ultrahigh vacuum CVD (UHVCVD) - CVD processes at a very low
pressure, typically below 10° Pa.

Classified by physical characteristics of vapour:

e Acrosol assisted CVD (AACVD) - A CVD process in which the
precursors are transported to the substrate by means of a liquid/gas
aerosol, which can be generated ultrasonically. This technique is
suitable for use with non-volatile precursors.

e Direct liquid injection CVD (DLICVD) - A CVD process in which the
precursors are in liquid form (liquid or solid dissolved in a convenient

solvent). Liquid solutions are injected in a vaporization chamber
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towards injectors. Then the precursor vapours are transported to the
substrate as in classical CVD process. This technique is suitable for
use on liquid or solid precursors. High growth rates can be reached
using this technique.

Plasma-assisted methods also exist:

e Microwave plasma-assisted CVD (MPCVD)

e Plasma-Enhanced CVD (PECVD) - CVD processes that utilize plasma
to enhance chemical reaction rates of the precursors. PECVD
processing allows deposition at lower temperatures, which is often
critical in the manufacture of semiconductors.

e Remote plasma-enhanced CVD (RPECVD) - Similar to PECVD
except that the wafer substrate is not directly in the plasma discharge
region. Removing the wafer from the plasma region allows processing
temperatures down to room temperature.

Depending on the precursors used, one can distinguish metal-organic
chemical vapor deposition (MOCVD) - CVD processes based on metal-organic
precursors and inorganic chemical vapor deposition employing inorganic
precursors respectively.

Metal-Organic Chemical Vapor Deposition (MOCVD), also known as or-
gano-metallic chemical vapor deposition (OMCVD), metal-organic vapor phase
epitaxy (MOVPE), and organo-metallic vapor phase epitaxy (OMVPE), is
nowadays one of the most commonly used deposition techniques in the semi-
conductor manufacturing. In principle, MOCVD involves the formation of a thin
solid film on a substrate material by a chemical reaction of metal-organic vapor-
phase precursor [3]. It is this reactive process which distinguishes CVD from
physical deposition processes, such as evaporation, sputtering and sublimation
[4,5].

The ability to grow new and better quality materials for a wide variety of
applications has been a major factor in the phenomenal growth of MOCVD over
the last few decades.

This process can be used to obtain products with a variety of applications
such as coatings, semiconductors, optical fibres, ceramic matrix composites (i.e.
carbon- carbon, carbon-silicon carbide and silicon carbide-silicon carbide com-
posites), catalysts, nanopowders etc.

Metal-organic sources or complexes with organic ligands for the MOCVD

41



Chapter 3 — Experimental methodology and material synthesis

include M(CHs;),, M(O#¢-Bu),, MN(CH3)3,, M[RC(O)CHC(O)R],. With the in-
creasing demand for more sophisticated deposits, especially of optoelectronic
materials, and the need for tighter control of deposition rates, uniformity and
layer properties and quality, there has been a major interest in recent years in
metal-organic precursors where the metal has been made volatile by bonding it
to organic ligands.

MOCVD precursors should have particular chemical and physical proper-
ties: be thermally stable and highly volatile, be easily synthesized in significant
quantities and easily purified, be stable on air, have high purity and be low or
non toxic.

In a typical deposition process mass transport takes place in the bulk gas
flow region from the reactor inlet to the deposition zone, reactions in the gas
phase provide the formation of film precursors and byproducts, followed by
mass transport of film precursors to the growth surface and their adsorption on
the growth surface due to surface diffusion of film precursors to growth sites and
incorporation of film constituents into the growing film. After what by-products
of the surface reactions are desorbed and transported in the bulk gas flow region
away from the deposition zone towards the reactor exit.

The growth of thin film in this case is initiated by exposing a suitably pre-
pared substrate to the film precursors in the reactor. The resulting growth and
microstructure of the film is determined by surface diffusion and nucleation
processes on the growth interface, which are influenced by the substrate tem-
perature, reactor pressure, and gas-phase composition.

An amorphous film is formed at low temperatures (and high growth rates)
when the surface diffusion is slow relative to the arrival rate of film precursors.
At high temperatures (and low growth rates) the surface diffusion is fast relative
to the incoming flux, allowing the adsorbed species to diffuse to step growth and
to form epitaxial layers replicating the substrate lattice. Nucleation occurs at
many different points on the surface at intermediate temperatures (and growth
rates). Adsorbed species then diffuse to the islands which grow and coalesce to
form a polycrystalline film. The presence of impurities increases the nucleation
density and shifts the transition of epitaxy to higher substrate temperatures.

In a first-order approximation and assuming thermodynamic equilibrium,
the growth morphology can be established from the balance of the various sur-

face free energies involved according to the following expression [6]

AYtotal = Yads + Yi- s (3 1)
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where the sub indices ads, i, and s stand for adsorbate, interface, and substrate,

respectively. Three different growth modes must be considered (Fig. 3.1).
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Figure 3.1: Classification of epitaxial growth modes (Reprinted from [8])

If Ayiora < 0, the sum y,45 + v; 1s inferior or equal y, which means that the
energetic cost of creating a substrate-adsorbate and an adsorbate-vacuum inter-
face is less than the substrate surface free energy; substrate coverage is favored,
and the deposit grows in a layer-by-layer manner. This is the Frank-van der
Merwe growth mode [7]. Pagni showed that in heteroepitaxial systems with a
substantial lattice mismatch, like the ZnO/Si system, the elastic strain energy
amassed with increasing thickness must also be taken into account. Indeed, this
fourth energy term is accountable for the break-up of the film into three-
dimensional islands after the growth of a few atomic layers [8]. This is the
Stranski-Krastanov growth mode [9]. Finally, if Ay, > 0, the system aims to
keep the substrate surface bare as long as possible whilst minimizing the ex-
posed area of the deposit, thus generating the formation of 3D islands. This is
the Volmer -Weber growth mode [10].

Herein, the ZnO films and nanostructures were synthesized by MOCVD
process. The deposition was carried out on Si (100), glass and quartz substrates
10 mm x 20 mm using a reduced pressure horizontal hot-wall MOCVD reactor
(Fig. 3.2).
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Figure 3.2: Schematic representation of MOCVD reactor

The processes was carried out in a horizontal tube furnace, which is com-
posed of a horizontal tube furnace, a quartz tube, a rotary pump system and a gas
supply and control system. The left-hand end of the quartz tube is connected to
the rotary pump. Both ends are sealed by rubber O-rings. The ultimate vacuum
for this configuration was 3 Torr. The carrying gas comes in from the right end
of the quartz tube and is pumped out at the left end. Two pyrex traps are used to
intrap the vapors of decomposition. The source material was loaded on a boat
and positioned in the quartz tube, where the temperature is the highest. The sub-
strates were placed downstream for collecting growth products. This simple set-
up can achieve high control of the final product.

The success of a MOCVD process depends critically on the availability of
volatile, thermally stable precursors that exhibit high and constant vapor pres-
sures to achieve uniform and reproducible film growth. Herein, the used precur-
sor material, namely diamine adduct Zn(tta), tmeda, was evaporated at elevated
temperature (170 °C) and then the resultant vapor phase by means of argon car-
rier gas was transferred to the reactant zone and condensed under certain condi-
tions to form the desired product.

It is worth of note that the use of conventional liquid dimethyl-Zn and di-
ethyl-Zn complexes or of the solid acetate, alkoxide, and acetyl- acetonate zinc
complexes as precursors presents some drawbacks mainly related to their pyro-
phoric nature. In the case of dialkyl zinc complexes there is another disadvan-
tage because of the effects of crystallite sizes on the precursor evaporation rate
and, hence, on the film growth rate, in the case of solid source [11]. Conversely,
Zn(tta),"tmeda used in the molten phase, thus represent a, a safe-handling alter-

native as liquid precursor thermally stable under processing conditions.
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The substrate temperature was varied in the range 250 - 700 °C. Deposi-
tions were carried out for 5 - 90 min.

Oxygen gas was used as reactant gas. The mass flows were controlled
with 1160 MKS flow-meter using an MKS147 electronic control unit. Total gas
flow of 500 scem was employed keeping an Ar/O, ratio of 1:1 (Ar/O,
250/250sccm).

ZnO films deposited at T > 500 °C are uniform with smooth surfaces,
good crystal and optical quality. The process is reproducible and can be tuned by

adjusting the main process parameters such us temperature, and gas flows.

3.6.2 Chemical Bath Deposition

Chemical Bath Deposition (CBD), also known as liquid phase deposition,
is a technique originated more than 150 years ago with a main focus on the
deposition of chalcogenide and oxide compounds [12]. CBD is a low-cost, envi-
ronmently friendly and low-temperature operation method, also convenient for a
large-area deposition.

It does not require sophisticated instrumentation like vacuum systems and
other expensive equipments. The starting chemicals are commonly available and
are cheap materials. With chemical bath deposition a large number of substrates
can be coated in a single run with a proper jig design. Unlike in electrodeposi-
tion, electrical conductivity of the substrate is not a necessary requirement in
chemical deposition. Hence any insoluble surface to which the solution has free
access will be suitable substrate for the deposition. The low temperature deposi-
tion avoids oxidation or corrosion of metallic substrates. Chemical bath deposi-
tion results in pinhole free and uniform deposits as the solution from which these
are deposited always remains in contact with the substrate. Stoichiometric de-
posits are easily obtained since the basic building blocks are ions instead of at-
oms. In the case of CBD, solution chemistry is chosen in such a way that a spon-
taneous reaction from liquid phase is possible, contrary to spray pyrolysis where
due to different solution chemistry; the reaction needs much higher temperature
to process (273-233 K) and thus takes place from the vapour phase [13].

This method involves immersion of a substrate in an aqueous solution
containing precursor species. It includes particle growth at surface nucleation

sites in parallel with deposition of particles formed in solution [14]. In case of
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aqueous growth of ZnO, metal cations Zn>" are solvated by water giving rise to
aquo-ions intermediates. Generally, amine-based ligand is used to supply the
hydroxyl ions through thermal degradation promoting the precipitation reaction.

This can be summarized in the following equations:

40H + Zn*" — Zn(OH),™ (3.2)
Zn(OH),™ —ZnO+ H,0+20H (3.3)

Moreover, amine ligand plays as buffer to control the pH of the bath. In
turn, hydroxyl ions react with Zn*" jons to form ZnO [15]. Depending on given
pH and temperature ZnO can be formed from these intermediated through dehy-
dratation of these intermediates [15,16].

Generally, the conditions (composition of the solution, deposition tem-
perature, reactivity of the substrate surface) are chosen so to allow the deposition
on the surface (heterogeneous process), and minimize the reaction in the liquid
phase (homogeneous process).

The CBD procedure involved in this work was as follows:

The zinc acetate dehydrate Zn(CH;COO),-2H,0 dissolved in distilled wa-
ter at 70 °C was admixed with a separately prepared N,N,N’ N -
tetramethylethylenediamine (TMEDA) or ethylendiamine (EDA) solution in dis-
tilled water. The zinc acetate and the TMEDA/EDA ligand concentrations were
kept to a 1:1 molar ratio in all the experiments (in order to maintain the same
degree of supersaturation), while the molar concentrations in final solution were
ranging from 5 to 50 mM. No pH adjustment has been done. The resulting
cloudy ZnO-containing suspensions were maintained at 70 °C without stirring
for a time ranging from 30 min to 6 h to grow ZnO nanorods. The substrates
containing seed layers were immersed in the solution for a fixed period of time
to promote the growth. At the end of the process all the samples were exten-

sively washed with distilled water and dried in nitrogen ambient.

3.7. Template fabrication techniques

In this work ZnO was also grown on pre-fabricated templates representing
two-dimensional arrays of polystyrene nanospheres obtained by nanosphere col-
loidal lithography approach, as well as on inorganic nanofibers created via elec-
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trospinning which were used as supports to grow three dimensional hierarchical
zinc oxide nanostructures.

3.7.1 Electrospinning

Electrospinning is a highly versatile method to process solutions or melts
into continious fibers with diameters ranging from a few micrometers to a few
nanometers. A large number of polymer/metal oxide composite fibers have been
produced by electrospinning combined sol-gel process. In such case, the com-
posite fibers could be converted into metal oxide by subsequent pyrolysis [17].
Electrospun nanofibers can be used as templates for hollow growth, filters and

textile applications, tissue engineering, drug delivery and catalytic applications.

PYPITi{QiPr)diZn (tta)2 -tmeda solution

Capillary tip -

Fiber formation

-1

High voltage

Fiber mat

I Counter electrode
Figure 3.3: Typical electrospinning setup [17]

In experimental set-up employed (Fig. 3.3) polyvinylpyrolidone (PVP) so-
lution (7 %wt) was prepared dissolving PVP (Aldrich, MW=1300000) powder
in ethanol at room temperature under magnetic stirring. TiO, precursor solution
was prepared, by mixing 1.5 g of titanium tetraisopropoxide (Ti(OiPr),, Aldrich)
with 3 ml of acetic acid and 3 ml of ethanol and stirring for 10 minutes. The re-
sulting mixture was added to 7.5 ml of PVP solution previously prepared and

stirred for further 10 minutes. Zn doping was made by mixing the Ti(OiPr), and
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Zn(tta),'tmeda solutions (1% molar). The obtained solution was poured in a
glass syringe (Hamilton, Carlo Erba) equipped with a 21 G needle, fixed in a
digitally controlled syringe pump (KD Scientific, MA, USA). The needle was
connected to a high-voltage supply (Spellman, Model SL 30, NY, USA) that is
capable of generating DC voltages up to 30 kV. The solution was electrospun in
air on a Si substrate and the obtained sample was dried under vacuum for 24 h.
The resulting ZnO/ TiO,/PVP nanofibers were finally calcined in air at 500 °C
for 3 hours (heating rate 5 °C/m, cooling rate 2 °C/m), in order to completely
remove the polymeric component, and were used as template for the following

ZnO deposition.

3.7.2 Nanosphere Colloidal Lithography

Nanolithography is a process for fabricating functional nanostructures
from bulk materials. In particular, Nanosphere Colloidal Lithography (NSCL) is
an inexpensive, inherently parallel, high-throughput, and materials-general nano-
fabrication technique capable of producing well-ordered 2D and 3D periodic
particle arrays of nanoparticles using the self-assembly of colloids [18].

Spontaneous formation of well-ordered colloidal arrays provides litho-
graphic masks or scaffolds for creating useful patterns. Materials with designed
functional nanopores, hemispherical metal caps and sculptured colloids have
been fabricated by colloidal templating for various applications. And can be
used for patterning biomaterials, which are relevant for the fabrication of biosen-
sors or biochips. High efficiency in NSCL for nanofabrication is due to the fact
that large-area spontaneous assembly of a colloid can be produced by the rela-
tively easy methods such as spin-coating or drop-casting.

Figure 3.4 illustrates the representative NSCL techniques. Route A shows
a templating of organic and inorganic materials with a hexagonally packed struc-
ture, while route B shows the creation of nanorings using metal sputtering and
ion milling; Route C shows the nanomachining process to fabricate regular holes
on colloids for functionalization [19].

In the presented work, the mask formed by a 2D close-packed monolayer
of polystyrene colloids of 200 nm and 1um of diameter (Sigma), self-assembled
by dewetting (1 wt.% in aqueous solution), was achieved on Si or glass substra-
tes with and without ZnO layer. Such mask was subsequently used for the ZnO
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nanohole array formation via MOCVD or CBD methods. The residues of poly-
styrene spheres were removed by soaking in toluene overnight, and subsequently

washed in distilled water.

A
L0000 o n o s s no

B
000 _000_a8a._ 2%
000

Figure 3.4: Typical nanofabrication routes of CL [19]

3.8 Protein immobilization

Fluorescein isothiocyanate—labeled albumin (FITC-albumin powder,
Sigma) was purchased as powder and used as received after dissolving in 0.01 M
phosphate buffer saline solution containing 0.003 M KCI and 0.14 M NaCl
(PBS, pH 7.4 at 25 °C, Sigma).

As indicated by the supplier, the chromophore is coupled to the protein
through the g-amino group of lysines of the albumin, and the labeling density
corresponds to a degree of substitution of 7 — 12 moles of FITC per mole of al-
bumin. The protein was immobilized on the ZnO-based films by spontaneous
adsorption from 100 pg/mL solution in PBS (40 min incubation time), followed
by gentle rinsing with PBS and drying by dewetting in controlled laboratory at-
mosphere. No sodium peak was observed by XPS analysis, therefore the results
for the ZnO surfaces immersed in buffer were essentially the same as those for
the sample immersed in water. This indicates that the method used to wash the
protein was sufficient to remove any non-adsorbed material from the ZnO sub-
strate.

The fluorescence signal-enhancing capability of ZnO-based films was as-
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sessed in situ by using an experimental configuration consisting of the substrates
in contact with the protein solution (50 pL drop) during an established incuba-

tion time (40 min), thus rinsing with PBS to remove unbound protein molecules.

3.9 Characterisation Techniques

The characterization of structural and optical properties was performed by
Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray
Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Energy - disper-
sive x-ray analysis (EDX), UV-vis spectroscopy, Cathodoluminescence (CL),
Photoluminescence (PL), Transmission electron microscopy (TEM).

The interaction of ZnO surfaces with proteins was studied by confocal

microscopy and fluorescence recovery after photobleaching techniques (FRAP).

3.9.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a versatile electron microscopy
technique used for the examination and analysis of the microstructural character-
istics of solid objects. SEM uses high-energy beam of electrons interacting with
the atoms that make up the sample producing signals providing information
about the sample’s surface topography, chemical composition, crystalline struc-
ture and orientation of sample material.

In principle, a beam of electrons is thermionically emitted at the top of the
microscope by heating of a metallic filament (Fig. 3.5). The electron beam hav-
ing energy up to 40 KeV follows a vertical path through the column of the mi-
croscope electromagnetic lenses which focus and direct the beam down towards
the sample. The types of signals produced by an SEM normally include secon-
dary electrons, back-scattered electrons, characteristic X-rays, but may also in-
clude light, specimen current and transmitted electrons depending on the detec-
tors used. Detector collect ejected electrons and convert them to a viewing
screen producing an image [20].

The SEM instrument used to characterise the ZnO samples herein pre-
sented is a Field Emission SEM (FE-SEM), thus representing an advance with
respect to the standard SEM. Thermionic sources have relative low brightness,

evaporation of cathode material and thermal drift during operation. Field Emis-
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Figure 3.5:Schematic representation of scanning electron microscope (Reprinted from [20])

sion is one way of generating electrons to avoid these problems. A Field Emis-
sion Source (FES), also called a cold cathode field emitter, does not heat the
filament. The emission is reached by placing the filament in a huge electrical po-
tential gradient. The FES is usually a wire of Tungsten (W) fashioned into a
sharp point. The significance of the small tip radius (~ 100 nm) is that an electric
field can be concentrated to an extreme level, becoming so big that the work
function of the material is lowered and electrons can leave the cathode. FE-SEM
uses Field Emission Source producing a cleaner image, less electrostatic distor-
tions and spatial resolution < 2nm (that means 3 or 6 times better than SEM). A
voltage (1 ~ 30 KV), called the accelerating voltage, between the cathode and
the second anode increases the beam energy and determines the velocity at
which the electrons move into the column. This voltage combined with the beam
diameter determines the resolution (capacity to resolves two closely spaced point
as two separates entities). As voltage increases, better point-to-point resolution
can be reached.
Herein, morphologies of the seed layers, polystyrene masks employed for
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the growth of ZnO, as-grown ZnO thin films and nanostructured arrays, TiO,
nanofibers and TiO, - ZnO core-shell nanostructures were investigated using a
LEO Supra 55VP field emission scanning electron microscope (FE-SEM).

3.9.2 Energy-Dispersive X-ray Analysis

Energy dispersive X-ray analysis is an analytical technique used for quali-
tative and quantitative elemental analysis or chemical characterisation of the in-
terfaces and interlayers, with high lateral resolution [21]. It is most commonly
used in conjunction with SEM. When the sample is bombarded by the SEM's
electron beam, electrons are ejected from the atoms comprising the sample's sur-
face. The resulting electron vacancies are filled by electrons from a higher state,
and an x-ray is emitted to balance the energy difference between the two elec-
trons' states. The x-ray energy is characteristic of the element from which it was
emitted.

The EDX x-ray detector measures the relative abundance of emitted x-
rays versus their energy. The detector is typically a lithium-drifted silicon, solid-
state device. When an incident x-ray strikes the detector, it creates a charge pulse
that is proportional to the energy of the x-ray. The charge pulse is converted to a
voltage pulse (which remains proportional to the x-ray energy) by a charge-
sensitive preamplifier. The signal is then sent to a multichannel analyzer where
the pulses are sorted by voltage. The energy, as determined from the voltage
measurement, for each incident x-ray is sent to a computer for display and fur-
ther data evaluation. The spectrum of x-ray energy versus counts is evaluated to
determine the elemental composition of the sampled volume [22].

In this work, the atomic composition of the as-deposited TiO, nanofibers
has been analyzed by EDX using a windowless Oxford INCA Energy solid state
detector. The use of the “windowless” EDX detector allowed the detection of the
O Ka peak at 0.560 KeV.

3.9.3 Atomic Force Microscopy

Atomic force microscope is a high resolution scanning probe microscopy.
In principle, in AFM experiment an atomically sharp tip is scanned over a sur-

face with feedback mechanisms that enable the piezo-electric scanners to main-
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tain the tip at a constant force (to obtain height information), or height (to obtain

force information) above the sample surface [22-24].

Tip is in hard contact
with the surface;
repulsive regime

Atomic Force Microscope Tip is far from the

surface; no deflection

/

\ Tip is pulled toward the

2 VaVYaVYaVYs; surface - attractive regime

Probe Distance from Sample (z distance)

Laser Diode

Photo Detector

Force
(=]

Figure 3.6: Brief scheme of how AFM works (left) and forces vs Z distance (right)

The nanoscope AFM head employs an optical detection system in which
the tip is attached to the underside of a reflective cantilever (Fig. 3.6). A diode
laser is focused onto the back of a reflective cantilever. As the tip scans the sur-
face of the sample, moving up and down with the contour of the surface, the la-
ser beam is deflected off the attached cantilever into a dual element photodiode.
The photodetector measures the difference in light intensities between the upper
and lower photodetectors, and then converts to voltage. Feedback from the pho-
todiode difference signal, through software control from the computer, enables
the tip to maintain either a constant force or constant height above the sample. In
the constant force mode the piezo-electric transducer monitors real time height
deviation. In the constant height mode the deflection force on the sample is re-
corded. The latter mode of operation requires calibration parameters of the scan-
ning tip to be inserted in the sensitivity of the AFM head during force calibration
of the microscope.

Because the atomic force microscope relies on the forces between the tip
and sample, knowing these forces is important for proper imaging. The force is
not measured directly, but calculated by measuring the deflection of the lever,
and knowing the stiffness of the cantilever. Hook’s law gives

F = kz, (3.4)
where F is the force, k is the stiffness of the lever, and z is the distance the lever
is bent. According to the interaction of the tip and the sample surface, the AFM
can be classified as repulsive or Contact mode, tapping, and attractive or Non-

contact mode (Fig. 3.6).
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Atomic force microscopy (AFM) images have been obtained in high am-
plitude tapping mode in air with an NT-MTD instrument. Golden silicon probes
(NT-MTD) with a nominal resonant frequency of 190-325 kHz have been em-
ployed. The root mean-square roughness determined by AFM has been calcu-

lated from (5%5) pm’ area.
3.9.4 X-ray Diffraction

X-ray diffraction is a non-destructive technique that reveals the informa-
tion about the chemical composition, crystal structure and preferred orientation
of the material.

X-rays are high-energy electromagnetic radiation having energies ranging
from 200 eV to 1 MeV. If a beam of x-ray incidents an atom, the electrons in the
atom absorb and reemit electromagnetic radiation. This process is known as
scattering. Scattering which occurs without the energy loss is called elastic. On
the other hand, if there is energy loss between the incident and emitted photon,
such scattering is called inelastic. In materials with a crystalline structure, x-rays
scattered by ordered features will be scattered coherently “in-phase” in certain
directions meeting the criteria for constructive interference [25].

The conditions required for constructive interference are determined by
Bragg’s law. When the parallel planes of atoms reflect the incident beam of x-
rays as shown in Fig. 3.7 the reflected rays interfere constructively and produce

the maximum intensity [26].

Figure 3.7: Bragg’s reflections
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The path difference between two reflected rays is 2d sin @, where d is the
inter-planar spacing and and @is the angle between the incident beam and the
crystal plane. The constructive interference occurs when

2dsinfd =nA, (3.5)
where n=0,1,2,... This is known as Bragg’s law. The Bragg’s reflection and dif-
fraction patterns are possible because inter-planar spacing and wavelength of X-
rays is of the same order (i.e. few angstroms).

Herein, X-ray diffraction (XRD) patterns were recorded with a Bruker-
AXS D5005 6-20 X-ray diffractometer, using Cu K, radiation operating at 40
kV and 30 mA in locked coupled and detector scan modes. The data were col-
lected at room temperature with a step size 0.02° and a counting time of 0.02

s/step.

3.9.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the most widely used
surface analytical technique. Based on photo-ionization and analysis of the ki-
netic energy distribution of the emitted photoelectrons XPS allows to study the
composition and electronic state of the surface region of a sample [27]. In XPS,
excitation by X-rays allows core (and valence) atomic levels to be probed, and
the resultant chemical shifts provide an indication of the oxidation state of the
material in the surface.

Photoelectron spectroscopy is based upon a single photon in/electron out
process and from many viewpoints this underlying process is a much simpler
phenomenon than the Auger process. The energy of a photon of all types of elec-
tromagnetic radiation is given by the Einstein relation:

E=hv, (3.6)
where / - Planck constant (6.62 x 10°* J s) and v - frequency (Hz) of the radia-
tion.

Photoelectron spectroscopy uses monochromatic sources of radiation (i.e.
photons of fixed energy). In XPS the photon is absorbed by an atom in a mole-
cule or solid, leading to ionization and the emission of a core (inner shell) elec-
tron. The kinetic energy distribution of the emitted photoelectrons (i.e. the num-
ber of emitted photoelectrons as a function of their kinetic energy) can be meas-
ured using any appropriate electron energy analyser and a photoelectron spectr-
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um can thus be recorded.
The process of photo-ionization can be considered in several ways: one

way is to look at the overall process as follows:

A+hv— A +¢, (3.7)
Conservation of energy then requires that:
E(A) + hv=E(A") + E(¢), (3.8)

Since the electron's energy is present solely as kinetic energy (KE) this
can be rearranged to give the following expression for the KE of the photoelec-
tron:

KE = hv - (E(A") - E(A)), (3.9)

The final term in brackets, representing the difference in energy between
the ionized and neutral atoms, is generally called the binding energy (BE) of the
electron - this then leads to the following commonly quoted equation:

KE =hv—BE (3.10)

An alternative approach is to consider a one-electron model along the
lines of the following pictorial representation; this model of the process has the
benefit of simplicity but it can be rather misleading. The BE is now taken to be a
direct measure of the energy required to just remove the electron concerned from
its initial level to the vacuum level and the KE of the photoelectron is again
given by:

KE =hv—-BE (3.11)

Must be noted that the binding energies (BE) of energy levels in solids are
conventionally measured with respect to the Fermi level of the solid, rather than
the vacuum level. The Fermi level is determined to be at the point where the
electron emission goes to zero. This point in the spectrum stays fixed independ-
ent of sample measured, and the X-ray photoelectron spectrum may directly re-
corded as function of binding energy. For each and every element, there will be
a characteristic binding energy associated with each core atomic orbital, i.e. each
element will give rise to a characteristic set of peaks in the photoelectron spec-
trum at kinetic energies determined by the photon energy and the respective
binding energies. The presence of peaks at particular energies therefore indicates
the presence of a specific element in the sample under study - furthermore, the
intensity of the peaks is related to the concentration of the element within the
sampled region. Thus, the technique provides a quantitative analysis of the sur-
face composition [28].

The X-ray photoelectron experiments (XPS) have been carried out with a
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base pressure of 2x10™"% Torr using a PHI ESCA/SAM 5600 Multi technique
spectrometer. A monochromatic Al K radiation source (hv=1486.6 ¢V) has been
used.

The surface analysis of ZnO films has been conducted by acquiring both
survey and narrow region scans at pass energies respectively of 187 eV and 11
eV, with an incremental step size of 1 eV for survey scans and 0.05 eV for the
narrow scans, and a 0.8 mm slit width. Spectra have been acquired at a takeoff
angle of 45° with respect to the samples surface. XPS spectra were collected at a
photoelectron take-off angle of 45°, which, according to the effective attenuation
length values, respectively, of 0.74 nm, for photoelectron from Zn 2p traveling
in ZnO [29], and of 3.13 nm, for Si 2p photoelectrons in an organic layer [30],
roughly corresponds to an actual sampling depth in the range from about 1.6 nm
(bulk ZnO) up to about 6.4 nm (bulk SiO,). Both survey and narrow region
scans were recorded, namely Zn 2p, C 1s, Si 2p, O 1s and N 1s peaks, at pass
energy and incremental step size of 150 eV/1 eV for survey and 11.85 eV/0.05
eV for the narrow scans, respectively.

The surface analysis of ZnO/TiO, nanofibers was conducted by acquiring
both survey and narrow region scans of Zn 2p, C 1s, Ti 2p, O Is and C 1s at 150
eV pass energy, with an incremental step size of 1 eV for survey scans and 0.05
eV for the narrow scans, and a 0.8 mm slit width.

The samples were sufficiently conducting that it was not necessary to
supply electrons for charge compensation. The XPS signals were analysed by
using a peak synthesis program in which a nonlinear background is assumed and
the fitting peaks of the experimental curve are defined by a combination of gaus-
sian (80%) and lorentzian (20%) distributions. All binding energies were refer-
enced to C 1s neutral carbon peak at 285 eV. The atomic compositions were

evaluated using sensitivity factors as provided by F V5.4A software.
3.9.6 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a technique which allows the
crystallographic and chemical characterization of materials with high spatial
resolution of 1 nm or better, allowing direct identification the chemistry of a sin-
gle nanocrystal [31]. TEM is unique for characterizing the in situ structural evo-

lution of nanocrystals resulting from annealing, electric field, or mechanical
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stress, such as imaging a single carbon nanotube when a mechanical or electrical
measurement is being carried out in situ.

A modern TEM is composed of an illumination system, a specimen stage,
an objective lens system, the magnification system, the data recording system(s),
and the chemical analysis system. In TEM electrons are emitted in the electron
gun by thermionic, Schottky, or filed emission [32]. A three- or four- stage con-
denser — lens system permits variation of the illumination aperture and the area
of the specimen illuminated. The electron-intensity distribution behind the
specimen is imaged with a lens system, composed of three to eight lenses, onto a
fluorescent screen. The image can be recorded by direct exposure of a photo-
graphic emulsion or an image plate inside the vacuum, or digitally via a fluores-
cent screen coupled by a fiber optic plate to a camera.

Electrons interact strongly with atoms by elastic and inelastic scattering.

Therefore, very thin (5 — 100 nm for 100 keV electrons) samples are required.

Specimen

o=

Obsjetive lens -

fm e e — o —— . il

]
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Image plane fl-Rx/l, - Ry}

Figure 3.8: One lens Transmission electron microscope (Reprinted from [31])
For illustration, a TEM is simplified into a single lens microscope, as gi-
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ven in Figure 3.8, in which only a single objective lens is considered for imaging
and the intermediate lenses and projection lenses are omitted. The entrance sur-
face of a thin foil specimen is illuminated by a parallel or nearly parallel electron
beam. The electron beam is diffracted by the lattices of the crystal, forming the
Bragg beams which are propagating along different directions. The electron-
specimen interaction results in phase and amplitude changes in the electron wave
that are determined by quantum mechanical diffraction theory. For a thin speci-
men and high-energy electrons, the transmitted wave function %(x,y) at the exit
face of the specimen can be assumed to be composed of a forward-scattered
wave. The exit wave %i(x,y) contains the full structural information on the
specimen. Unfortunately, this wave will be transmitted nonlinearly by the optic
system.

The nonlinear-axis propagation of the electrons through the objec-
tive lens is the main source of nonlinear information transfer in TEM. The
diffracted beams will be focused in the back focal plane, where an objec-
tive aperture could be applied.

An ideal thin lens brings the parallel transmitted waves to a focus on the
axis in the back focal plane. Waves leaving the specimen in the same direction
(or angle 0 with the optic axis) are brought together at a point on the back focal
plane, forming a diffraction pattern. The electrons scattered to angle 6 experi-
ence a phase shift introduced by the spherical aberration and the defocus of the
lens, and this phase shift is a function of the scattering angle. The phase shift due
to spherical aberration is caused by a change in focal length as a function of the
electron scattering angle, and the phase shift owing to defocus is caused by the
spherical characteristics of the emitted wave in free space (e.g., the Huygens
principle).

A high-resolution TEM image of a crystalline specimen is formed by the
interference of the Bragg reflected beams. Since the phase of each Bragg beam
is perturbed by the phase shift induced by spherical and defocus, the object in-
formation will be transmitted nonlinearly [32]. Contrast and resolution of the
image are obtained by elastically scattered electrons.

The elemental chemical distribution was investigated by energy filtered
TEM (EF-TEM) analysis by the three windows method using the L edges for the
Ti and Zn, and the K edge for O, respectively, using a TEM JEOL 2010 F in-

strument.
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3.9.7 Photoluminecence Spectroscopy

Photoluminescence is the re-emission of light by interband luminescence
after a direct gap semiconductor has been excited by a photon energy greater
than the photon energy corresponding to the adsorption edge (E,). Photolumi-
nescence can be used for band gap determination, to determine impurity levels
and defects, to study recombination mechanisms and to measure the material
quality [33].

laser

mirror

PL Collection lences

Entrance slit

Spectrometer

detector | , computer

Figure 3.9: Schematic photoluminescence setup (Reprinted from [33])

In a typical photoluminescence setup (Fig. 3.9) the sample is placed in a
variable temperature cryostat (room temperature in our case) and is illuminated
with a laser or bright lamp with photon energy greater than the E,. The lumines-
cence is emitted at lower frequencies and in all directions. A portion is collected
with a lens and focused onto the entrance slit of a spectrometer. The spectrum is
recorded by scanning the spectrometer and measuring the intensity at catch
wavelength with a sensitive detector such as a photomultiplier tube. Alterna-

tively, the whole spectrum is recorded at once by using an array of detectors
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such as a charge-coupled device [33].

Room temperature photoluminescence (PL) measurements have been per-
formed using a 325 nm He-Cd laser with a 2.5 W/cm incident power density.
The PL spectra have been recorded with a monochromator fitted with 1800

grooves/mm grating and a photomultiplier tube.

3.9.8 UV-vis Absorption Spectroscopy

Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry
(UV-vis or UV/Vis) refers to absorption spectroscopy or reflectance spectros-
copy in the ultraviolet-visible spectral region.

When a beam of monochromatic light passes through a transparent me-
dium, part of the light is absorbed and the transmitted beam has a lower intensity
than the intensity of the incident beam [34]. The fraction of radiant energy
transmitted by a given thickness of the absorbing medium is independent of the
intensity of the incident radiation, provided that the radiation does not alter the
physical or chemical state of the medium.

Let 7 be the intensity of a parallel beam of monochromatic light of wave-
length A, passing through a layer thickness d/ of an absorbing material. The
change in intensity d/, is given by

dl =—k,-I1-dl (3.12)

where k; is a wavelength dependent proportionally constant. The negative sign is

required because / becomes smaller as / becomes larger. Rearranging the above

written equation and integrating it between limits /, and /, for / between 0 and [:
I, k;-1

log, ,—2 = 3.13
B0 T %303 (3-13)

1 1
where log,, 70 is called absorbance (A), 70 is called transmittance (T).

Therefore the absorbance A is related to the transmittance T as
A=log,, T (3.14)
The typical UV-vis spectrophotometer consists of a light source, a mono-
chromator and a detector [35]. The light sources are a deuterium and tungsten
lamps, which emits electromagnetic radiation in the ultraviolet and visible region

of the spectrum respectively. The monochromator is a diffraction grating used to
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spread the beam of light into its component wavelengths. A system of slits fo-
cuses the desired wavelength on the sample cell. Light from the slit then falls
onto a rotating disc. Each disc consists of different segments — an opaque black
section, a transparent section and a mirrored section. If the light hits the trans-
parent section, it will go straight through the sample cell, get reflected by a mir-
ror, hits the mirrored section of a second rotating disc, and then collected by the
detector. Else if the light hits the mirrored section, gets reflected by a mirror,
passes through the reference cell, hits the transparent section of a second rotating
disc and then collected by the detector. Finally if the light hits the black opaque
section, it is blocked and no light passes through the instrument, thus enabling
the system to make corrections for any current generated by the detector in the
absence of light. The light passes through the sample reaches the detector, which
records the intensity of the transmitted light I. The detector is generally a pho-
tomultiplier tube or a photodiode. In a typical double-beam instrument, the light
generated from the light source is split into two beams, the sample beam and the
reference beam. When there is no sample cell in the reference beam, the detected
light is taken to be equal to the intensity of light entering the sample I.

The transmission spectra were performed on a double-ray Jasco V-560
UV-vis spectrometer in the 200 and 800 nm range using a scan speed of 200

nm/min.

3.9.9 Cathodoluminescence

In cathodoluminescence (CL) light is emitted from a solid in response to
excitation by electron beams cathode rays. CL is the contactless method allow-
ing microcharacterization of the optical and electronic properties of luminescent
material [36]. The CL signal is formed by detecting photons of the ultraviolet,
visible, and near-infrared regions of the spectrum. These photons are emitted as
the result of electronic transitions between the conduction and valence bands and
levels lying in the band gap of the material.

In principle, the electrons in the e-beam are called primary electrons, have
an energy which is determined by the applied voltage (1-100 kV). Due to the
scattering of primary electrons high energy backs-scattered electrons are pro-
duced. These back scattered electrons are collected and used to form an image of

the sample. The remaining electrons are scattered inelastically many times as
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they penetrate the crystal, and their direction gets randomized in the process.
The region of the crystal that interacts with the e-beam is called the excitation
volume, and the distance the beam travels is called the penetration depth. The
penetration depth increases with increasing primary electron energy, and typi-
cally varies in the range 1-10 um [33].

The electrons that penetrate the surface transfer their energy to the crystal
by exciting electron-hole pairs. The number of electron-hole pairs generated per
primary electron can be determined as follows:

N = (1-y)EP/E! (3.15)
where 7y is the fractional energy loss due to back scattering, EP is the energy of
the primary electron, and E' is the ionization energy. These electrons and holes
are created high up in their bands, and emit photons in all directions with energy
hv > E, after having relaxed to the bottom of their bands. It is these photons that
comprise the cathodoluminescence signal.

Cathodoluminescence (CL) spectra have been excited with a field-
emission gun in a conventional scanning electron microscope (FEG-SEM, SE-
4300, Hitachi Co., Tokyo, Japan), equipped with a high-sensitivity CL detector
unit (MP-32FE, Horiba Ltd., Kyoto, Japan). The CL experiments have been per-
formed at 20 kV and 200 pA of probe current. The emitted CL spectrum has
been analyzed using a monochromator equipped with a CCD camera. A new
mapping device (PMT R943-02 Select, Horiba Ltd., Kyoto, Japan) has been
used and related software has been developed to enable collection with nanome-
ter - scale spatial resolution and to automatically analyze large numbers of CL

spectra in nearly real time.

3.9.10 Confocal Fluorescence Microscopy and Fluorescence

Recovery after Photobleaching

Confocal fluorescence microscopy (CFM) is one of the most powerful and
popular tools in biomedical imaging applications [37]. It allows to obtain three-
dimensional images of individual chromatographic support particles that directly
illustrate the amount of protein uptake [38].

In fluorescence microscopy, naturally occurring autofluorescent mole-
cules and introduced fluorophores targeted to cellular structures of interest are
irradiated with high intensity light. When these molecules absorb a quantum of
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light, a valence electron is boosted up into a higher energy orbit, creating an ex-
cited state. When this electron returns to its original, lower energy orbit, termed
the ground state, a quantum of light may be emitted. Absorption occurs only at
wavelengths of light whose quantum energy is equivalent to the difference in
energy between the ground electronic state and the excited state. Consequently, a
given fluorescent molecule will have a discrete wavelength at which it will be-
come excited; this is know as its excitation spectrum. Because fluorescence of-
fers a pathway for a molecule to relax from an excited state back down to a non-
excited state, it is known as a relaxation process. However, fluorescence is only
one of a number of possible ‘de-excitation pathways’ available to molecules.
One of the most fundamentally important of these is vibrational relaxation. The
loss of some energy through vibrational relaxation means that less energy is
available for emission as fluorescence. Because wavelength varies inversely to
radiative energy, fluorescence emission is at a longer (i.e. lower energy) wave-
length than the light used to excite it (Stokes Law).

In a confocal microscope detecting fluorescent light from the specimen
the depth discriminating property can be used to carry out virtual sectioning of a
specimen. First, light is focused by an objective lens into an hourglass/shaped
beam so that the bright “waist” of the beam strikes one spot at some chosen
depth in a specimen. Following by focusing the reflected or fluorescent light
from that spot in a point and passing it through a pinhole aperture in a mask po-
sitioned in front of the detector, which effectively blocks light from out-of-focus
planes. Finally the light is moved from point to point in the specimen until the
entire plane of interest has been scanned [39].

One of the major uses of confocal microscopy is for fluorescence imaging.
The fluorophores used tend to bleach out when exposed to too much light.
Bleaching is generally thought to be proportional to light dose, although there
are some examples of nonlinearities, both favourable and unfavourable to the
high intensities of the laser-scanning confocal microscopes. Fluorophore satura-
tion certainly occurs, and that limits the useful intensity, but bleaching is perma-
nent, as is photodamage to biological structures.

There really is not much one can do about a process proportional to light
dose, as the fluorescence has the same dependence, but one can avoid exposure
to light that is not giving a fluorescent signal. That means not exposing the sam-
ple to light during "fly-back"--the time when the scanning engine is merely re-

turning to zero. It also means avoiding exposure to one laser while another is be-
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ing used. These are just points that a careful microscope builder pays attention to
focal volume participates in the bleaching. All single photon microscopes expose
the layers above and below the focal plane, even though they image only the fo-
cal plane. The advantage of the multiphoton microscope is clear and is one of the
major reasons for using it.

Two distinct situations can occur during fluorescence imaging that lead to
a decrease in fluorescence intensity, often referred to as fading. The first of these
fading events is known as quenching. Fluorescence quenching is defined as a
biomolecular process that reduces the quantum yield of a fluorophore without
changing the fluorescence emission spectrum. It can be caused by oxidising
agents, salts, heavy metals or halogen compounds as well as the transfer of en-
ergy from one fluorescent molecule to another one that is in close physical prox-
imity. This transfer of energy is known as fluorescence resonance energy trans-
fer. The other event that causes fading is photobleaching. In this case, high light
intensity in the presence of molecular oxygen causes irreversible damage to the
fluorophore and inhibits it from emitting light.

Fluorescence recovery after photobleaching (FRAP), also called (mi-
cro)photolysis, allows to determine translational diffusion coefficient of a fluo-
rescent molecule by bleaching fluorescent molecules that move in the focal area
of a light beam [40]. Immediately after the bleaching process, a highly attenu-
ated light beam measures the recovery of the fluorescence in the bleached area
due to the diffusion of fluorescent molecules from the surrounding unbleached
areas into the bleached area (Fig. 3.10).

In practice, FRAP requires that a series of fluorescence intensity images
are first collected to give a value for intensity in both the region of interest and
the surrounding sample. Following this, a defined region of the sample is illumi-
nated with high intensity light causing the fluorophore within that region to be-
come photobleached. This creates a darker, bleached region, within the sample.
Photobleached molecules are subsequently replaced by nonbleached molecules
over time, and this results in an increase in fluorescence intensity in the bleach
region. For a FRAP experiment to provide meaningful data, it is important that
the sample is not photobleached during the prebleach or recovery phase of the
experiment and that the camera is not saturated.

Recovery of fluorescence into the bleached area occurs as a result of the
diffusional exchange between bleached and unbleached molecules. The fraction

of fluorescent molecules that can participate in this exchange is referred to as the
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mobile fraction. The fraction of molecules that cannot exchange between
bleached and nonbleached regions is called the immobile fraction. Knowledge of
the rate of molecular exchange, elucidated by FRAP, can provide important in-
sights into the properties and interactions of molecules within the cellular envi-

ronment.

Figure 3.10: Schematical representation of FRAP experiment (Reprinted from [40])

The most common quantification method is to average the fluorescence
intensity over the region of interest and plot it as a function of time. The
“amount” of bleaching or degree of incomplete bleaching, the half time or time
constant of recovery, and the immobile fraction can be determined as empirical
parameters. They characterise the recovery, independent of the actual processes
behind the redistribution of molecules. This is useful when only changes in mo-
bility or binding properties are studied. In order to obtain the actual physical pa-
rameter of the processes involved, such as the diffusion coefficient, models must
be applied that take into consideration Brownian motion, binding and immobili-
sation, cellular topology and the geometry of the region of interest. Axelrod et
al. suggested an expression for the intensity recovering over time [41]. When re-
covery is dominated by diffusion the quantitative analysis yields the diffusion
coefficient. The diffusion coefficient (D) of the fluorescent molecules can be de-
rived from the recovery of the fluorescence in the bleached area. The diffusion

coefficient:
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D = (W/4T15) Ve, (3.16)
where constant yr = t;,/tp depends upon beam shape, type of transport and
bleaching parameter K. For circular beams yr = 0.88, independent of K [41].

FRAP experiments are commonly performed on laser scanning micro-
scopes, in which low laser power is used to image the sample in the pre- and
post-bleach phases of the experiment. In the bleach phase, a region of interest is
scanned at higher laser power to cause photobleaching. Temporal resolution may
be improved if a wide-field system equipped with a laser for photobleaching is
used.

Herein, the observations were carried out by using an Olympus FV1000
confocal laser scanning microscope (LSM) equipped with a diode Ar laser, oil
immersion objective (60xO3 PLAPO) and spectral filtering system. Excitation
wavelength was set at 488 nm, and emitted light was detected at 519 nm (micro-
graphs) or in the spectral range 490 — 620 nm.

The detector gain was fixed at a constant value, and images were taken for
all of the samples, at random locations throughout the area of protein adsorption
as well as at the borderline between protein-exposed and bare surfaces, in order
to compare quantitatively the fluorescence due to the antigen coverage and that
to due background noise. The latter was analyzed to have control areas; there-
fore, the only difference between the control and target samples is the presence
of protein.

The average fluorescence intensity was calculated by taking the mean
pixel luminance intensity for all pixels within a 5 pm? area over at least 10 sepa-
rate measurements. Intensity data were analyzed by one-way analysis of vari-
ance (ANOVA) with a Tukey — Kramer multiple comparisons test.

For the fluorescence recovery after photobleaching (FRAP) investigations,
the data were normalized to the initial (pre-photobleach) value, which enables
the percentage of photobleaching and the percentage fluorescence recovery
within the laser region to be determined. For each sample,the emission recorded
from the bleached spots was compared with that coming from contiguous non-
bleached arecas. Bare glass substrates were used for comparison. The samples
were bleached for 1 min using high intensity (95% power) on the laser, immedi-
ately after a micrograph was taken every 1 min up to 10 min. By translating the
sample stage, an average of 15 spots per substrate were photobleached in a given

experiment.
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4. Metal-Organic Chemical
Vapor Deposition of ZnO

Introduction

ZnO has attracted considerable attention of scientific community in recent
years due to its potential applications in piezoelectric, optoelectronic, catalytic,
sensing devices and use in dye sensitizing solar cells [1-3]. Many research
groups have tried to grow epitaxial ZnO films using various techniques in vapor
phase or in solution. Among vapour phase approaches, vapor-solid (VS), vapor-
liquid-solid (VLS) growth and metal-organic chemical vapor deposition
(MOCVD) are the most commonly used techniques for ZnO film preparation [4-
6].

MOCVD which follows a catalyst-free growth mechanism, which is pre-
ferred to reduce the impurity incorporation, represents an alternative to VLS
growth. It is well known that, the success of an MOCVD process depends criti-
cally on the availability of volatile, thermally stable precursors that exhibit high
and constant vapour pressure.

In particular, metal B-diketonates [M(RCOCHCOR), (where R=alkyl, aryl
etc)] have been widely used in the fabrication of metal oxide thin films, since
among metal coordination compounds they are most volatile, thus present ade-
quate characteristics in terms of mass transport properties [7]. Recently, novel
diamine adduct of zinc bis-2 thenoyl-trifluoroacetonate (Zn(tta), tmeda), where
H-tta=CF;COCH,COC,H;S, tmeda=N,N,N’,N" - tetramethylethylenediamine
(Fig. 4.1) was reported for the MOCVD growth of ZnO [8-10]. This adduct has
been chosen to be used as metal organic precursor due to its high stability, vola-
tility, promoting high and stable vapor pressures with respect to commonly used
precursor systems such as diethyl- and dimethyl- zinc, acetate-, alkoxide-, and
acetylacetonate- zinc complexes normally used for ZnO deposition [11-16].
Moreover, this adduct was employed in MOCVD fabrication of transparent ZnO
films using Zn(tta),"tmeda on various substrates including quartz, SrTiO; (100),
Si (100) and Al,O3 (0001) was reported [9,10]. The films were deposited in the
range of temperatures from 400 to 750 °C for 60 min in reduced pressure hot-
wall MOCVD reactor keeping the Ar (150sccm) and O, (150 sccm) as carrier
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and reaction gases, respectively. Indeed, ZnO layers grown with this technique,
under given growth conditions, polycrystalline films constituted of rounded
grains having sizes ranging from 80 nm (at 400 °C) to 400 nm (at 750 °C) in
size. Additionally, the crystallinity of the films was improved with increasing the

substrate temperature.
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Figure 4.1: Chemical structure of diamine adduct of zinc bis-2 thenoyl-trifluoroacetonate

(Zn(tta),'tmeda) (Reprinted from [8])

In this Chapter, the morphology and properties of ZnO nanostructured
layers obtained at ‘“‘standard” deposition conditions by MOCVD using f3-
diketonate precursor are described. Special focus is put on the temperature and

deposition time.

Results and Discussion

ZnO deposition has been performed on silicon substrates using a total gas
flow of 500 sccm keeping an Ar/O, ratio of 1:1 (Ar/O,250/250 sccm). The sub-
strate temperature has been maintained in the 600 - 700 °C range, and the depo-

sition time was kept at 60 - 90 min.
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In the MOCVD process, growth temperature is one of the most important
factors affecting the high quality of ZnO material. The effect of growth tempera-
ture on crystalline properties was investigated using X-ray Diffraction. Figure
4.2 represents an XRD 0-20 scans of ZnO film grown by an MOCVD process at
substrate temperatures of 600 °C and 700 °C. Film deposited at 600 °C exhibits
sharp diffraction peak at 34.42° that may be associated with the (002) reflection
and small peaks observed at 36.25° that may be associated to (101) reflection
and at 47.53° attributed to (102) reflection. With increasing the substrate tem-
perature to 700 °C small peak at 31.77° associated with (100) reflection appears.
In each case, the diffraction pattern is dominated by the (002) reflection of the
wurtzitic phase (P63mc) [14].

~— ZnO(002)

~— ZnO (100)
=~ ZnO (101)
~— ZnO (102)

700°C/60m

\ 600°C/60m

28 32 36 40 44 48 52 56 60
20 (degrees)

Intensity (a.u.)

Figure 4.2: XRD patterns of ZnO deposited on silicon at T=600 and 700 °C for 60min

As growth temperature increased, the growth mode changed from kinet-
ics-limited to mass-transfer-limited and the observation of the strong (002) peak
indicates that the highly c-axis oriented film is grown. The films have other
peaks, which may correspond to granular structure of the film. It has to be men-
tioned that at 700°C, the morphology of ZnO layer changes from nanostructured
film to nanostructure (nanorods), thus explaining the contribution of the other

growth directions in the XRD pattern.
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Figure 4.3: SEM top-view images of ZnO film deposited on Si at (a) 600 °C/60 min; (b) 600
°C/90 min; and (c) 700 °C/60 min
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Figure 4.4: SEM cross-sectional view images of ZnO film deposited on Si at (a) 600 °C/60 min;
(b) 600 °C/90 min; and (c) 700 °C/60 min.
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SEM top-view images represent the morphology of as grown ZnO mate-
rial (Fig. 4.3 (a-c)). The role of deposition temperature and time on the ZnO sur-
face structure was studied. At deposition temperature 600 °C and shorter deposi-
tion time (60 m) continuous layer consisting round grain-like structures of ~ 80 -
120 nm in diameter is grown (Fig. 4.3 (a)). By changing the nucleation time, the
morphology changes from continuous layer to nanorod formation (Fig.4.3 (b))
with the dimensions reduced to ~ 50 - 80 nm. Further increase of the deposition
temperature to 700 °C keeping the growth time at 60 min resulted in formation
of hexagonal rods with the diameters of ~ 120 - 150 nm. At the initial stage of
growth, ZnO nano-crystallites are formed by random nucleation process, thus for
high deposition rates and lower temperatures the growth is very close to the ideal
2D layer-by-layer growth mode, leading to a smoother surface morphology.
When the growth temperature is increased the nano-crystals are elongated due to
a higher growth rate along the c-axis direction, the three-dimensional (3D)
growth begins to appear and becomes completely dominant when the tempera-
ture reaches 700 °C [17].

Figure 4.4 shows the cross-sectional SEM images of the ZnO layers de-
posited using Zn(tta), tmeda were investigated over the temperature range 600 —
700 °C deposited for 90 and 60 min respectively. It is apparent that morphology
and growth rate is critically dependant on chosen deposition regime. The growth
rate of ZnO increases in the studied temperature range. Thus, at 600 °C, the
growth rate is about ~ 200 nm per hour. With increase of the deposition time
from 60 m (Fig. 4.4 (a,b)) to 90 min, the densely packed round grains start
evolving into layer containing porous rod-like structures having length of ~ 300
nm with round tips. While, the increase of the substrate temperature to 700 °C
and reducing the growth time to 60 min resulted in the formation of smooth rod
like structures with hexagonal flat tops. However, it was found that the growth at
high temperature (700 °C) was less uniform and produced rods having lengths of
~ 200 - 800 nm. In all the cases studied, the ZnO structures were vertically ori-
ented. This finding matches well with XRD data.

The formation of ZnO nanostructures is dependent on the mobility of pre-
cursor species such on the substrate surface. It is a pre-requisite for the Zn ad-
sorbate to have sufficient surface lifetime to migrate to the tip of the growing
nanorod. The surface lifetime of an adsorbate molecule is determined by sub-

strate temperature and its thermal stability [18].
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From the data presented here, at lower substrate temperatures (i.e. 600 °C)
and shorter deposition time (60 min) the Zn(tta),'tmeda species have insufficient
surface mobility for nanorod growth, and incorporation at the growth surface oc-
curs to yield a continuous film consisting of round grains (Fig. 4.5). By increas-
ing the deposition time to 90 m the precursor complex has sufficient mobility
and lifetime to allow efficient surface diffusion for the growth of ZnO rod-like
structures. At higher temperatures (i.e. 700 °C), rapid decomposition of precur-
sor occurs. This reduces the surface lifetime of the adsorbate, preventing surface

diffusion and leading to the rapid deposition of ZnO rods.

\
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Figure 4.5: Scheme of time-temperature dependant ZnO growth mode

The deposited films are transparent. In particular, the transmission spec-
trum of a ZnO film grown on quartz at 600 °C is shown in Figure 4.6. This spec-
trum shows that ZnO films are highly transparent in the visible region (~ 90%
between 400 and 800 nm).

To conclude, the growth of ZnO structures via MOCVD process employ-
ing PB-diketonate adduct Zn(tta),"tmeda was demonstrated in the range of tem-
peratures 600 — 700 °C. It was found deposition time and deposition temperature
plays a crucial role in the formation of ZnO. Longer deposition time or high
deposition temperature are required to promote the growth of 1D structures. This
gives an insight to the production of high surface area ZnO nanomaterial that can

be used in optical, piezoelectric and sensing technologies.
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Figure 4.6: UV-visible transmission spectrum of ZnO film deposited at T=600 °C for 60m
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5. Silver catalyst assisted Metal-Organic
Chemical Vapor Deposition

of ZnO nanostructures

Introduction

Controlled growth of metal oxide semiconductors has stimulated great in-
terest in the research community due to their importance in basic scientific re-
search and potential technological applications [1]. Recently, ZnO nanostruc-
tures have started to emerge as very promising nanoscale building blocks due to
their outstanding properties, diverse functionalities and chemical/thermal stabil-
ity [2,3].

On the other hand, the interest in developing multifunctional material aim-
ing at enhancing the surface-to-volume ratio, exploring the novel opto-electrical
properties and enabling high-density device integration is critically important.
This has stimulated the realization of growth of ZnO nanostructured material us-
ing catalysts. In particular, ZnO nanowires and nanorods represent spatially con-
trolled, highly functional nanostructures having remarkable physical and chemi-
cal properties [4-7]. Among the used synthetic strategies, catalyst-assisted
growth of ZnO nanowires has been reported [8]. In this approach, metallic
nanoparticles play a crucial role in nanowire growth and have profound conse-
quences on nanowire morphology and their physical properties. Therefore, the
metal selection is crucial to achieve the desired nanowire morphology and to
avoid any potential detrimental contamination [9]. Catalyst particles, deposited
on a substrate, act as a preferential sites for adsorption of vapor of the desired
source material. The source material is adsorbed into the catalyst and once the
catalyst particle becomes supersaturated, the excess source material precipitates
out and a 1D nanostructure grows [10].

The growth of nanostructures using a catalyst and a vapor phase source is
often described in terms of the vapor-liquid-solid (VLS) mechanism. Any unidi-
rectional growth with a liquid mediating phase and precursors supplied from a
vapor phase is considered to grow by the VLS growth mechanism. It involves

the dissolution of growth species in a liquid catalyst droplet at the tip of the
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nanostructure, followed by precipitation and growth at the catalyst-nanowire in-
terface.

The formation of catalyst droplets and its durability during the growth
process avoiding oxidation or nitridization has become the leading interest. Dif-
ferent catalysts (e.g. Au, Sn, Pt, Ni) were reported to grow ZnO nanowires [11-
13], among them Au [14,15] is the most used for ZnO nanowire growth. Re-
cently, Zhang et al. have reported the change in morphology of ZnO nanostruc-
tures due to the introduction of silver into the system [16.] and shown that the
silver itself directly influences the final grown morphology. Thus, silver can be
used to specifically control the morphology of the grown ZnO to achieve a spe-
cific type of nanostructure. In fact, the use of Ag as alternative catalyst has the
drawback of temperature limitation (up to 500 °C) related to fast Ag oxidation
forming Ag,O or AgO layer which results in low-quality nanowires [10]. For
this reason Ag has been much less explored as a catalyst for the growth of ZnO
nanostructures. Despite this, Ag has generally similar properties to Au in terms
of the formation of nanoclusters from a melted thin film. Therefore, silver-based
films have also been used for the growth of ZnO nanostructures. Panda and
Jacob have reported on the sword-like growth of ZnO on annealed (200 °C) sil-
ver film at 800 °C on patterned and unpatterned Si wafers [17,18]. Li et al. stud-
ied vapor phase synthesis of ZnO material grown on silver nanoislands [19].

Generally, the route adopted for the catalyst assisted fabrication of metal
oxide films implies a two-step process. In the first step, the catalyst layer is pre-
pared, and successively, the metal oxide is deposited onto the film surface by
different processes, such as vapour-solid growth, vapor-liquid—solid growth or
chemical and metal organic vapour deposition [20-23].

Herein, the metal-organic silver compound has been chosen as a catalyst
to promote ZnO growth via MOCVD process. To note, the nature of the silver
precursor is of crucial importance and it must satisfy certain prerequisites such
as clean decomposition pathways to metallic silver, low decomposition tempera-
tures, and controlled oxidation. Moreover, it must be easily synthesized and pu-
rified allowing cost-effective procedures [24].

In this chapter the process optimization to tailor the growth of ZnO nanos-
tructures with desired morphologies focusing on the relationship between initial
concentrations of silver catalyst metal-organic precursor and ZnO metal-organic
deposition (MOCVD) process parameters (temperature and time) is reported.

In particular the obtained results suggest the optimal experimental condi-
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tions for an effective colloidal lithography (NSCL) - MOCVD process integra-
tion as a valuable bottom up method to fabricate 2D ordered ZnO nanohole ar-
rays.

A wide number of techniques has been developed for the fabrication of
patterned nanoparticle arrays. Among these techniques, directed self-assembly
of nanoparticles onto templated substrates has been well studied [25,26]. Typi-
cally, the templates are generated with lithographic techniques such as nano-
sphere colloidal lithography (NSCL), e-beam lithography, and nanoimprint li-
thography [27].

Nanosphere colloidal lithography is emerging as an effective and flexible
approach where self-assembled 2D colloidal nanoparticles act as template or
mask for producing 2D regular and nearly homogenous arrays of the desired ma-
terials. In particular, formation of self-assembled monolayer of PS nanospheres
[28] is an effective bottom up approach to pattern materials [15,29]. Recently,
Fragala et al. reported on a “bottom-up” approach to fabricate 2D periodic ZnO
arrays through a hybrid method of nanosphere colloidal lithography and
MOCVD, based on silver and platinum catalyst controlled ZnO growth [30].

The proposed hybrid approach represents a valuable bottom up method to
fabricate 2D ordered ZnO nanohole arrays. The obtained results appear promis-
ing in the perspective of surface nanostructuring of metal oxide films in two-
dimensional (2D) porous substrates as intriguing strategy for various applica-
tions including microelectronics, sensing, catalysis, optics and biomedical sci-

ence and as templates for the growth of nanomaterials [31,32].

Results and discussion

Herein implemented adduct, Ag(hfa)tetraglyme (Fig. 5.1), was synthe-
sized from a tetrahydrofuran (THF) suspension of Ag,0, at which two coordina-
tion ligands have been added, the 2,5,8,11,14-pentaoxatetradecane (tetraglyme)
and the 1,1,1,5,5,5-hexafluoro-2,4-pentandione (H-hfa) [33].

The Ag(hfa)-tetraglyme adduct has been successfully applied to the depo-
sition of both silver and silver containing polymer nanostructured thin films
[24,33]. The catalyst deposition parameters and MOCVD parameters used in this
work are presented in Table 5.1.
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Figure 5.1: Chemical structure of Ag(hfa)tetraglyme adduct

Table 5.1: Deposition conditions employed for ZnO growth

Ceats M | Tamn, °C | tamn, m | Ty, °C | tg, m
0.1 - - 600 60
0.1 400 30 400 30
0.1 400 30 600 30
0.1 400 30 600 60
0.01 400 30 400 30
0.01 400 30 400 60

The seed layer was obtained by drop casting of Ag(hfa)-tetraglyme [24]
ethanolic solutions onto Si substrates. The obtained precursor layer is shown in
Fig. 5.2 (a). Annealing at 400 °C for 30 min in air was performed in order to de-
compose the precursor and reduce Ag' to metallic silver. The obtained nanos-
tructured films are composed of discrete silver grains with average dimensions
ranging from to 300 nm up to microns (Fig. 5.2 (b)) attributed to grains coales-
cence effect [34].

Figure 5.3 shows top-plane view of ZnO nanostructures deposited on not
annealed and annealed silver catalyst layers. It is clearly seen that growth on not
annealed catalyst layer resulted in bi-modal growth consisting of sparsely dis-
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tributed ZnO nanobundles and small ZnO grains covering the catalyst grains
(Fig. 5.3 (a)). On the other hand, ZnO grown on annealed catalyst layers resulted
in the massive formation of ZnO wire-like structures (Fig. 5.3 (b)). Such differ-
ent morphology can be attributed to a different silver grain agglomeration proc-
ess induced by different annealing ramp rate and time. In fact, it is noteworthy
that in both cases silver precursor layer undergoes an annealing treatment. In
fact, during ZnO deposition, temperature ramps up from 25 °C (room tempera-
ture) to 600 °C in about 20 minutes (ramp rate 30 - 40 °C/min). During this time,
the silver precursor is decomposed, reduced and melted. If the precursor layer is
preliminary annealed before the ZnO deposition it experiences a second thermal
treatment during MOCVD.

1 um

Figure 5.2: SEM images (a) not annealed and (b) annealed at 400 °C layer of of silver catalyst
(0.1 M) deposited by drop casting on Si substrate
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Figure 5.3: SEM images of ZnO grown by MOCVD at T=600 °C for 60 min on (a) not annealed
(b) annealed at 400 °C layer of silver catalyst (0.1 M) deposited by drop casting on Si
substrate and (c) cross-sectional image of ZnO grown by MOCVD at T=600 °C for 60
min on layer of silver catalyst (0.1M) layer deposited by drop casting on Si substrate
(Tany=400 °C)
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The SEM cross-sectional image taken for the latter sample confirmed the
catalytic role of Ag in the ZnO growth as the as grown wires were up to 6-8 um
in length and 80 — 120 nm in width (Fig. 5.3 (c)). This suggests that the growth
rate is 30 times higher with respect to one reported for catalyst—free growth (~
200 nm/h (see Chapter 4)).

The catalyst assisted growth mechanism is thus related to the formation of
liquid droplet of the Ag-Zn alloy during the temperature ramp-up. The continued
feeding of the precursor into the liquid droplet leads to supersaturation resulting
in nucleation of the solid ZnO and related ZnO grows on the formed solid—liquid
interface, thus explaining the alloy droplet on the top [35].

XRD patterns of the annealed seed layer and subsequently grown ZnO
(600 °C/60 min) are presented in Fig. 5.4. Fig. 5.4 illustrates the XRD pattern of
metallic silver films, which revealed that Bragg angle peaks located at 26 =
38.10° and 44.28° for drop casted Ag metallic films that can be assigned to the
(111) and (200) reflection metallic silver cubic structure respectively
(JCPDS#03-0931) and represent the main evidence of the crystalline quality of
these films. Moreover, no significant Ag,O formation is detected after annealing.

ZnO (100)
- ZnO(002)

~—  ZnO (101)
— Ag(111)

Ag (200)

f- -~ Zn0 (102)

Intensity (a.u.)

ZnO/Ag l

Ag
AN

24 26 28 30 32 34 36 38 40 42 44 46 48 50
20 (degrees)

Figure 5.4: XRD diffraction pattern of an annealed silver metal film deposited on Si

Furthermore, Fig. 5.4 displays typical XRD patterns of the ZnO nanos-
tructures that were grown on the metallic silver films on Si substrates. All of the

diffraction peaks in the patterns can be exactly indexed as the hexagonal wurtz-
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ite ZnO. Moreover, both (111) and (200) silver phase were detected after ZnO
deposition suggesting that no Ag,O formation is detected after the ZnO deposi-
tion by MOCVD at reduced pressure in an Ar—O, atmosphere and temperatures
up to 600 °C, which was also confirmed by previous studies [30].

Different process conditions have been used to control the catalytic effect
and tailor the ZnO morphology. A massive ZnO nanowire production (Figure
5.5 (a,b)) is promoted by high deposition temperature (600 °C), despite the proc-

ess deposition times (30 or 60 min).

Figure 5.5: ZnO nanowires growth (on silver catalyst) at 600 °C after 60 minutes deposition (a)

and 30 minutes deposition (b).

Following the decrease of the deposition temperature to 400 °C (30 min)
the ZnO morphology changes significantly, thus, replicating the original catalyst
nanostructure. Therefore, the overall ZnO nanostructure morphology appears af-
fected by both catalyst initial concentration and ZnO deposition time (Fig. 5.6
(a-c)). In fact, after 30 min of ZnO deposition on silver catalyst, whose solution
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concentration was 0.01 M, the pristine Ag grain distribution is still visible and
no significant ZnO growth is observed between the grains. A more extensive
nanowire production is observed when deposition time is in-creased up to 60
minutes (Fig. 5.6 (b)) and/or when a higher concentration (0.1 M) is used (Fig.
5.6 (¢)).

Figure 5.6: SEM images of ZnO films deposited on Ag catalyst layer (0.01 M initial Ag catalyst
concentration) at 400 °C (a) 30 min (b) and 60 min (c) ZnO film deposited on Ag cata-
lyst layer (0.1 M initial Ag catalyst concentration ) at 400 °C/30 min.
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The obtained data indicate a strong catalytic effect of the silver metal-
organic precursor on ZnO growth and suggest that a proper tuning of the deposi-
tion process parameters (i.e., low catalyst concentrations, deposition temperature
below 400 °C, short process time) limits and controls the high yield production
of ZnO nanowires. Moreover, the accurate matching of both catalyst precursor
initial concentrations and ZnO deposition process conditions are required for an
effective integration of the presented approach with colloidal lithography to ob-
tain ordered ZnO nanohole arrays [30].

The present data are promising to fabricate nanoring patterned ZnO/SiO,
structures, obtained by a colloidal lithography-catalyst assisted MOCVD ap-
proach [12], as suitable nanoplatforms for a selective protein immobilization. It
has been reported how polystyrene monodisperse nanospheres, self-assembled in
hexagonally packed monolayers on silica substrate, have been employed to spa-
tially confine a metal catalyst (i.e. Pt) which is used to assist the MOCVD depo-
sition of ZnO at temperature below 400 °C (30 min).

The process sequence adopted to produce an ordered two-dimensional
(2D) ZnO nanohole array includes 2 steps:

e Silver metal-organic precursor deposition on 2D PS close-packed array

self assembled on Si substrate.

e The obtained patterned catalyst precursor patterned polystyrene layer is

then used as substrate during the following ZnO MOCVD deposition.

The evidence of the proposed sequential steps is proven by the SEM im-
ages (Fig. 5.7 (a-c)). The pattern of the PS nanospheres monolayer (Fig. 5.7 (a))
is transferred onto the Si substrate by covering with silver catalyst film (Fig. 5.7
(b)). In fact, topographical patterns of silver catalyst, as obtained by drop casting
of silver solution (0.01M) on a self-assembled monolayer of polystyrene col-
loids, are still discernible. The subsequently MOCVD growth at 400 °C (30 min)
resulted in the formation of cheerios — like array of ZnO (Fig. 5.7 (¢)). However,
short deposition time is required to prevent the ZnO growth on bare silicon, as
well as small concentration of precursor in order to obtain good patterning and
avoid masking of polystyrene spheres with silver grains.

The presented results demonstrate an easy route for tailoring the morphol-
ogy of ZnO films deposited by MOCVD. Herein, the evolving role of Ag metal-
lic film layer during ZnO nanowire growth is investigated. Indeed the formation

of ZnO nanowire arrays can be finely tuned through the proper choice of catalyst
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Figure 5.7: SEM images of PS colloidal nanospheres monolayers self assembled on Si (a); Ag
catalyst patterned films after PS nanosphere removal (b); ZnO nanoholes ordered
bidimensional array on patterned Ag catalyst. Size bar 200 nm
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deposition technique and accurate control of the initial concentration of Ag cata-
lyst precursor as well as of the ZnO growth process parameters, such as tempera-
ture and deposition time. Thus, it was shown that metal-organic silver precursor
drastically enhances the ZnO nanowire growth rate. The possibility to simply
play with both the concentration of metal-organic precursor solutions, easily de-
posited on any kind of substrate and the ZnO MOCVD process conditions,
makes the proposed hybrid approach valuable to fabricate nanoporous ZnO
based layers with remarkable high surface areas. Such nanostructures would be
very promising for a wide variety of applications including bioengineering, ca-

talysis, environmental engineering and sensor systems.
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6. Catalyst-free MOCVD fabrication
of ultrathin ZnO films

Introduction

High quality ZnO films grown on Si substrates pave the way towards the
integration with silicon technology-based devices [1-3]. Also, amorphous sub-
strates, such as SiO, and glass substrate, have obvious technological advantages
and potential applications [4]. Furthermore, decrease of deposition temperature
remains a key technological challenge in integration with soft lithographic tech-
niques, flexible device technologies and cost reduction for mass production.

Within the recent past few decades interest in ZnO-based sensors [5,6] has
multiplied and there are still large areas of current technology in which the sens-
ing potential of ZnO has not been explored at all. To a large extent, the selectiv-
ity, sensitivity and reproducibility of ZnO-based sensor will depend on surface
chemistry, morphology and crystallinity of the material. Examples of the use of
nanoscale ZnO materials in the enhanced fluorescence detection of protein inter-
actions have shown that ZnO nanomaterials can serve as excellent signal-
intensifying substrates for a wide range of protein systems and that the signal-
enhancing capability is not influenced by the specific emission wavelength of
fluorophores that are linked to protein molecules [7].

Interaction of biomolecules with nanomaterials is the area of fundamental
interest due to their immense biological importance. Nanomaterials, which pos-
sess novel optical, electronic and chemical properties absent in bulk materials,
have promising applications in biotechnology and life sciences [8,9]. Moreover,
nanostructure materials exhibited interesting properties such as large surface to
volume ratio, high surface reaction activity, high catalytic efficiency and strong
adsorption ability that makes them potential candidate materials to play an im-
portant role in biomolecules immobilization [10]. The large surface area of
nanomaterials provided better matrix for the immobilization of biomolecules
leading to increased biomolecule loading per unit mass of particles.

In the previous chapter, we reported on the silver catalyst-assisted growth
of ZnO nanostructures at low temperature (400 °C) [11]. However, the use of

metal catalyst promoting the growth may result in the incorporation of metal into
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the ZnO structure as catalysts often remain on the tips and, therefore affect the
purity, crystallinity and optical properties of the material [12,13]. Moreover, in
terms of the integration with lithographic techniques the accurate choice of con-
centration of the catalyst and deposition strategies is crucial to achieve uniform
spatial distribution of catalyst allowing the controlled patterned growth. In this
respect, a catalyst-free low-temperature deposition of ZnO material has been in-
vestigated.

Recently, the ZnO nanoneedles and nanotips growth was reported on Si
substrates by MOCVD applying diethylzinc as a precursor at a substrate tem-
peratures in the range of 300 to 500 °C [12,14]. Later, Kim et al studied ZnO
deposition via MOCVD on sapphire substrates using diethylzinc and they re-
ported that below 200 °C no ZnO formation was observed [15],while other au-
thors reported on the columnar structures formation on Si substrates in the
growth range 100 - 250 °C [4]. However, the use of diethylzinc exhibits a disad-
vantage as it is highly pyrophoric and needs extreme care in terms of handling
due to extreme sensitivity towards air and moisture [16]. Moreover, being highly
reactive it causes the formation of powder in the cold zone of the reactor which
degrades film quality [17]. In this aspect, bidentate ligands based metal-organic
precursors offer an advantage which allows to avoid fluctuations during the ex-
periment as they are water-free, thermally-stable, volatile, and in liquid state at
processing temperatures. However, the reported MOCVD deposition conditions
applying such precursors are in the 400 — 650 °C range [18].

Herein, catalyst-free low temperature MOCVD growth of ZnO on Si sub-
strates is introduced. A study on the effects of the deposition temperature on the
formation of ZnO films has been carried out. In particular, ZnO films have been
deposited from a Zn(tta),tmeda precursor on Si (100) substrates at temperatures
ranging from 250 to 400 °C up to 60 min. Moreover, the ZnO nanoring arrays
fabrication on silica substrates by colloidal lithography assisted metal-organic
chemical vapor deposition was scrutinized. Scanning electron microscopy,
atomic force microscopy and X-ray photoelectron spectroscopy have been ap-
plied to characterize the structure, morphology and composition of as grown
films to define time/temperature deposition threshold. The obtained results allow
to set up the optimal experimental conditions for an effective colloidal lithogra-
phy/catalyst-free MOCVD process integration, in order to fabricate bi-
dimensional ordered ZnO nanohole arrays. Furthermore, the study of spontane-

ous immobilization of model analyte proteins to ZnO surfaces is presented. The
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discussed approach is based on the electrostatic interaction dependent on the
isoelectric point concept, namely that at high isoelectric point ZnO favors the
immobilization of low isoelectric point biomolecules in neutral pH media [19].
Herein, the interaction of ZnO with fluorescein-labeled albumin, used as model
analyte biomolecule, was investigated by means of x-ray photoelectron spectros-
copy, confocal microscopy and fluorescence recovery after photobleaching
(FRAP) experiments. Fluorescein isothiocyanate—labeled albumin (FITC-
albumin) has been chosen as model protein because it is the most abundant
plasma protein and, hence, it is the first protein involved in the protein cascade
process onto solid surface immersed in a biological medium and it will play a
critical role in the following evolution of the adsorption process [20].

The results demonstrate that such ultrathin films have great potential as
innovative fluorescence-sensing substrates, offering the possibility of sizing the
two-dimensional (2D) vs. three-dimensional (3D) design of the ZnO — SiO, ar-
ray (through the fine tuning of NSCL and MOCVD conditions), which, in turn,

affects the individual addressability of the biomolecular detection.

Results and discussion

The ZnO films were prepared by Metal-Organic Chemical Vapor Deposi-
tion onto unpatterned silicon substrates. In order to understand how deposition
temperature affects the growth and quality of the MOCVD-deposited ZnO films,
the growth was carried at temperatures below 400 °C (Table 6.1).

Table 6.1: Deposition condition of catalyst-free MOCVD of ZnO films

Sample Ty, °C t, min
ZnO-1 250 40
Zn0-2 300 40
Zn0-3 400 5
Zn0O-4 400 60

AFM and SEM were used for monitoring the morphological changes at
the surface that result from ZnO deposition at different conditions. Fig. 6.1

shows the planar SEM images of ZnO thin films deposited on Si substrates at
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growth temperatures in the range of 250 — 400 °C. According to SEM images,
the MOCVD deposition process is strongly affected by the deposition tempera-
ture of ZnO films. It should be noted that previously studied MOCVD deposi-
tion temperatures range from 400 °C to 700 °C and normally used deposition
time is 1h [21].

Figure 6.1: SEM images of ZnO film deposited on Si at (a) 250 °C/40 min; (b) 300 °C/40 min; (c)
400 °C/5 min and (d) 400 °C/60min

Therefore, the use of mild deposition conditions (low temperatures and
short deposition time) resulted in ultra thin film formation having a granular
structure. In particular, ZnO deposition at 250 °C/40 min (herein referred to as
ZnO-1 sample) consists of sporadic and randomly distributed grains along the
substrate surface (Fig. 6.1 (a)). As the deposition temperature is increased at 300
°C/40 min (herein named as ZnO-2), the sample morphology is characterized by
a granular structure with a bimodal ZnO grain distribution, showing a predomi-
nance of small grains (about 15 nm of average dimension) and few large grains
(about 50 nm of average diameter) randomly distributed over the surface (Fig.
6.1(b)). Upon further increasing the deposition temperature to 400 °C and reduc-
ing the deposition time to 5 minutes (herein referred to as ZnO-3 sample) a

smoother morphology is well evident with about 50 nm large grains clearly visi-

97



Chapter 6 [ Catalyst-free MOCVD fabrication of ultrathin ZnO films

ble on the substrate (Fig. 6.1 (¢)). Finally, the sample deposited at 400 °C/60 min
(herein named as ZnO-4), used as control thick film, shows a homogeneous
granular morphology characterized by fairly well defined round grains having
average dimensions of about 10 — 15 nm (Fig. 6.1 (d)). The morphological re-
sults provide confidence about two different ZnO deposition mechanisms, de-
pending on the used deposition temperature. In particular an island-like ZnO
layer formation (3D growth mode) can be hypothesised for the films deposited at
the low temperature (< 300 °C). In this regime a limited ad-atom migration
lengths at the substrate surface during the MOCVD process is likely to be re-
sponsible of the observed spot-like and non uniform deposition. On the other
hand, upon increasing the deposition temperature (400 °C), the formation of a
continuous layer is favoured, both kinetically and thermodynamically, due to
coalescence of the isolated ZnO grains (growth mode transition from 3D to 2D),
thus, resulting in smoother surface morphology of ZnO films.

These findings are in good agreement with AFM data. The topographies
of the silicon substrate before and after ZnO deposition are shown in Fig 6.2.
The results were observed at 5 different locations across every single sample,
and a set of 3 samples was prepared at each processing condition. Figure 6.2
(a,b) shows the AFM scans of Si substrate surface topography and ZnO-1. The
roughness of the ZnO-1 surface (0.47 nm) remains comparable to that of the
substrate (0.44 nm) strongly supporting a negligible ZnO deposition. For ZnO-2
sample, an increase in surface roughness to 5.73 nm was observed (Fig. 6.2 (c)).
Upon increasing the deposition temperature to 400°C, the ZnO-3 sample exhib-
its an overall smoother surface and the roughness being decreased to 1.93 nm, as
shown in Fig. 6.2 (d). Finally, the thick control ZnO-4 sample represented in
Figure 6.2 (e) shows the characteristic cobblestone appearance of the surface,
with round grains that have fairly-well defined boundaries. For this ZnO control
sample, the mean surface roughness is approximately 2.84 nm.

One likely explanation to the observed morphological evolution is that the
ZnO layer deposited at 250 °C is characterized by a flat morphology with large
isolated ZnO islands randomly distributed on silicon. At 300 °C ZnO grains al-
most completely cover the silicon substrate and a bimodal ZnO grain distribution
characterized by small grains and large structures is evident. At 400 °C, if depo-
sition time is limited to 5 min, ZnO growth is limited and more critical to be
controlled. A smoother morphology is well evident from both SEM and AFM
analyses, with well identifiable small grains distributed on silicon surface. Fi-
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nally, the typical morphology of ZnO thick film is observed at 400 °C. This
arises from the different ad-atom mobility attributed to the variation in deposi-
tion temperature which leads to different growth modes. Thus, at high tempera-
tures, the atoms have enough diffusion activation energy to occupy the correct
site in the crystal lattice so that grains with lower surface energy will become
larger at high temperature. Then, the growth orientation develops in the one

crystallographic direction of the low surface energy.

Figure 6.2: AFM images in tapping mode in air of homogeneous ZnO films (a) Si substrate (b)
ZnO-1; (¢) ZnO-2; (d): ZnO-3; (e) ZnO-4

In order to investigate the chemical structure of the MOCVD-deposited
films XPS was employed. The XPS spectral results confirm a similar surface
chemical composition for all the investigated ZnO samples. The expected signals
related to Zn, C and O and other impurities have been detected. The average
atomic compositions from XPS analysis are reported in Table 6.2.
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Table 6.2: Surface average atomic compositions of samples before of ZnO films deposited
at various temperature.

Sample | Zn, at% | O, at% C, at% Si, at% | Zn/Si | C/Zn
Si N/A 14 33 53 N/A | N/A
ZnO-1 2 22 39 37 0.1 24.6
Zn0-2 14 51 35 0.1 140.0 | 2.5
Zn0O-3 20 44 25 11 1.8 1.3
Zn0O-4 29 45 26 0.1 290.0 | 0.9

The Zn content increases upon increasing the deposition temperature from
2 % (ZnO-1 sample) to 29 % (ZnO-4 sample). It is to note that the zinc signal
detected for sample deposited at 250 °C remains within the significance of ex-
perimental error at the used conditions, i.e. 2% of atomic composition, strongly
supporting the negligible ZnO deposition at this deposition temperature and in
good agreement with AFM results. Therefore, ZnO deposition temperature
threshold can be set above 250 °C. It must be noted an increase in oxygen com-
position from 22 to 51 % upon increasing the deposition temperature. Further-
more, it should be noted, that the silicon signal is clearly visible for ZnO-1, in
good agreement with a limited surface coverage, whilst it becomes negligible for
Zn0-2 and ZnO-4, thus indicating good substrate surface coverage. On the con-
trary, the detected silicon signal for ZnO-3 is 11% which is about 80% of silicon
attenuation detected for bare silicon substrate. These findings confirm the obser-
vations from AFM and SEM data, i.e. the formation of randomly distributed
ZnO small grains with a reduced average surface coverage.

As a consequence of the mild ZnO-2 deposition conditions, a relatively
low zinc content and a corresponding high C/Zn ratio point to significant carbo-
naceous residuals at the surface, which are mostly attributed to unreacted precur-
sor as well as unavoidable surface hydrocarbon contamination. In fact, the inten-
sity of the lower energy peak, positioned at 285.0+0.2 eV in the C 1s which can
be attributed to C-H bonding, is higher for ZnO-2 than ZnO-3 and ZnO-4 [22].

Moreover, in the case of ZnO-3 sample, notwithstanding the significant
silicon signal detected, both the C/Zn atomic ratio and the zinc atomic content
point to a surface chemical composition comparable to that of ZnO-4 sample
(i.e. temperature-driven efficiency to control the precursor decomposition), but

with a lower film thickness and uniformity (i.e. insufficient deposition time to
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attain the complete coverage).
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Figure 6.3: XPS high resolution spectra in the C 1s binding energy region for (a) Si, (b) ZnO-2,
(¢) ZnO-3 and (d) ZnO-4

Figure 6.3 shows the high energy resolution carbon C 1s photoelectronic
spectra of the Si substrate and three deposited films, namely ZnO-2, ZnO-3 and
Zn0O-4. Three components (C;, C,, C;) result from the C 1s peak de-convolution.
The main component, C,, centered at 285.0+0.2 eV is related to C-C and C-H
groups, the second one C, at 286.5+£0.2 eV is related to C-O bonds at surfaces
and third component C; at 288.8+0.2 eV has been assigned to carbon doubly
bonded to oxygen such as C(=0)O or O-C-O bonds [23].

Noticeably, ZnO-2 surfaces exhibit a higher content of polar linkages than
the ZnO-3 and ZnO-4 ones, as evidenced by the relative ratio of carbon—
heteroatom bonds (i.e. C, + C; components) with respect to the hydrocarbon
species (C; component) represented in Figure 6.4.

To conclude, XPS analysis evidences that ultrathin ZnO films were depos-

ited at all deposition parameters chosen. However, the information on the
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chemical composition suggested that the deposition temperature above 300 °C is
required to grow films with fairly good surface coverage and reduced presence

of carbon-related species.
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Figure 6.4: Relative ratio of carbon—heteroatom bonds (i.e., C, + C; components) with respect to

the hydrocarbon species (C; component) calculated for ZnO-n (n=2,..,4)

By applying the above discussed deposition conditions to deposit ZnO on
silicon substrates patterned by colloidal lithography, the formations of ZnO
nanohole arrays were successfully achieved. ZnO-n-NP (n=2,3,4) corresponds to
the conditions used in order to fabricate ZnO-n (n=2,3,4) substrates as shown in

Table 6.1 on polystyrene (PS) nanopatterned silicon substrates respectively.

Table 6.3: XPS average atomic concentrations and characteristic atomic ratios for PS nanospheres

treated samples

Substrate | Zn, at.% | O, at.% | C, at.% | Si, at.% | C/O
Zn0O-2-NP 5 33 54. 8 1.7
ZnO-3-NP 13 43 31 13 0.7
7Zn0O-4-NP 30 41 29 0.1 0.7

The average surface atomic composition of the colloidal lithography as-
sisted ZnO nanostructured films was evaluated in order to reveal the effect of the
temperature on the growth mode (Table 6.3). From these data, the Zn content de-
tected for the PS-ZnO-2 sample (~ 5%) is lower than that of ZnO-3-NP and
Zn0-4-NP (~ 13% and ~ 30%, respectively). Moreover, Zn content for samples
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Zn0O-2-NP and ZnO-3-NP is reduced by 64% and 36% with respect to unpat-
terned grown films. On the contrary, for ZnO-4-NP sample the average surface
composition after nanopatterning is almost similar to that of the unpatterned
sample, thus suggesting a less controllable integration strategy.

The morphological conformations of obtained ZnO nanostructured layers
were estimated by SEM and AFM. Figure 6.5 demonstrates the formation of
ZnO nanohole arrays resulted from two-step colloidal lithography — MOCVD
approach using different deposition conditions. The polystyrene nanospheres of
1 um in diameter were used to prepare the template.

Tailoring of ZnO deposition at this low deposition temperature range
(300-400°C), close both to precursor decomposition temperature and PS nano-
spheres template decomposition temperature, is extremely critical and therefore,
slow growth rate and low efficiency deposition can be assumed.

It must be noted, that polystyrene underlayer is partially remained on the
substrate surface, therefore further sonication in non-polar solvent (toluene was
used in this case) is needed for the polystyrene removal. When the deposition
temperature is set to 300 °C clear film morphology representing ZnO honey-
comb-like layer can be identified by SEM (Figure 6.5 (a,b)). The obtained hon-
eycombs are characterized by even round boundaries having ring diameter of
about 1 um. By further increasing the temperature to 400 °C and reducing the
deposition time to 5 minute residues of polystyrene spheres are still visible as the
time is not enough to fully decompose the organic matter (Fig. 6.5 (c)). More-
over, the diameter of the fabricated ring is shrunk to 800 nm. The height of the
rings was estimated from the AFM images. The height of the ring increases from
about 80 nm to 90 nm for ZnO-2-NP and ZnO-3-NP samples respectively. The
diameter of the rings also changes with the increase of the deposition tempera-
ture.

In order to investigate the interface between such ZnO based thin films
and biomolecules, albumin has been used as model analyte. In fact, in accor-
dance with the different isoelectric point (IEP) values, at the physiological pH of
7.4 albumin (negative surface charge) is expected to irreversibly bind on ZnO
surfaces (positive surface charge) by spontaneous adsorption driven by electro-
static interactions [19].

XPS and confocal microscopy with the application of the FRAP technique
were used to study (i) the change in emission properties of ZnO; (ii) the biomo-

103



Chapter 6 [ Catalyst-free MOCVD fabrication of ultrathin ZnO films

Figure 6.5: SEM images of ZnO film deposited on Si substrates patterned with PS nanosphere:
(a) 300 °C/20 min,(b) 300 °C/40 min, and (c) 400 °C/5 min
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lecule lateral mobility in the adlayer and (iii) the protein surface coverage and its
average orientation.

The adsorption of FITC-albumin was carried from aqueous solutions at
pH=7.4 on ZnO ultrathin films (patterned and unpatterned) deposited by catalyst
—free MOCVD approach in mild time-temperature regime as stated in Table 6.1.
XPS was applied to characterize the chemically modified ZnO unpatterned sur-
faces after the protein immobilization. The appearance of a strong peak at 400.0
eV corresponding to the N (1s) electrons clearly indicates the presence of a pro-
tein layer on ZnO surface after incubation with FITC-albumin solution (Table
6.4).

Table 6.4: XPS quantitative analysis in terms of average atomic composition (at.%) for the

different ZnO films after albumin absorption

Sample Zn, at% | O, at% | C, at% | Si, at% | N, at%
S i+ FITC-albumin - 37 41 14 6
Zn0-2 + FITC-albumin 2 29 58 6 5
Zn0-3 + FITC-albumin 7 40 37 10 6
Zn0O-4 + FITC-albumin 8 48 38 - 6
FITC-albumin - 58 28 - 14

After the spontaneous protein adsorption followed by rinsing out of the
weakly bound molecules, a certain amount of irreversibly immobilized protein is
detected at the surfaces of all the ultrathin ZnO-based films as well as the two
reference controls, namely bare silicon (i.e., about 10 nm-thick native silicon ox-
ide on silicon) and ZnO-4 (about 50 nm-thick ZnO).

The comparison between the protein-characteristic nitrogen signals de-
tected at the surfaces of all the above-mentioned samples ranging from 5 to 6%
and the value of about 14% found for an ideally thick FITC-albumin adlayer (at
least for the sampled depth of about 1.4 nm at the used experimental conditions)
indicates a protein coverage roughly corresponding to the half of a monolayer
[19].

Figure 6.6 shows the characteristic atomic ratio N/(Zn+Si) giving some

insight to protein adsorption on the surface. It is clearly seen that less protein
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(N/(Zn+S1)=0.5) is adsorbed on silicon substrate and ZnO-2 sample. Conversely,
Zn0-2 and ZnO-4 show a high affinity towards the protein.

1.0

0.8 1

0.6

N/(Zn+Si)

0.4

0.2+

0.0 T T f f
Si Zn0-2 Zn0O-3 Zn0O-4

Figure 6.6: Characteristic atomic ratio N/(Zn+Si) calculated for silicon substrates and as deposited

ZnO films after protein adsorption

These results can be related to variation of surface roughness. In fact, it is
reported that ZnO rough surfaces are more hydrophobic than smoother surfaces
and, therefore, result in higher albumin adsorption [24]. Accordingly, ZnO films
having higher surface roughness (ZnO-2 and ZnO-4) have shown better affinity
towards the protein therefore promoting the adsorption. However, it should be
mentioned that the analytical quantification of protein coverage on the investi-
gated surfaces is surely affected by the expected partial surface dissolution of
ZnO. In fact, the biodegradation of ZnO in aqueous media and biofluids is a
well-known process with important implications for biomedical applications
[25]. ZnO is poorly soluble in water, but it can slowly dissolve in both acidic and
strong basic conditions [26]. However, presence of biological components such
as proteins and amino acids can also enhance the oxide dissolution through the
complexation of the Zn”" free ions released from the material surface [26-28].

By comparing Table 6.4 with Table 6.2 an increase of the Si contribution
of ZnO-2 sample after protein uptake (from 0.1% to 6%) is clearly detected. Fig.
6.6 shows, for that sample, the large concentration of unsaturated bonds, -OH
groups and polar moieties that can readily interact with the protein molecules,
thus promoting a prompt biodegradability.

The detailed analysis of the spectra of carbon and oxygen 1s energy level
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respectively might be able to describe the behaviour behind the interaction be-
tween the albumin molecule and ZnO surface.

After the protein immobilization, a broadening of C 1s peak is observed
for all the investigated samples (6.7 (a-d) respectively) with respect to the pris-
tine surfaces (Fig. 6.7 (a’-d’); a new component (C4) at BE of 288.3+ 0.2 eV in-
dicates the presence of peptide bond (-C(=0)-NH)-) [20].

(@) 3 (L)

intensity (a.u.)

297 288 284 292 288 284 292 288 284 292 288 284

binding energy (eV)

Figure 6.7: XPS high resolution spectra in the C (1s) binding energy region for (a) Si, (b) ZnO-2,
(c) ZnO-3 and (d) ZnO-4 after the protein adsorption and, as comparison, for (a’) Si,
(b’) ZnO-2, (¢’) ZnO-3 and (d’) ZnO-4 before the protein adsorption

Moreover, the spectral comparison shows that the C,/C, ratio is about 2
for ZnO-2, ZnO-3 and reference Si surfaces, while it is reduced to 1 for control
Zn0O-4 sample. This fact indicates that, notwithstanding the comparable protein
mass uptake, the average orientation of C-O, C-N, C-S bonds (C,) with respect
to C=0 species (Cy4) of the protein adlayers is different at the interface with the
thin ZnO-SiO, and Si substrates with respect to the thick ZnO-4 control film.
This evidence suggests that SiO, uncovered areas in both ZnO-2 and ZnO-3 thin
films contribute significantly to the actual surface termination, thus consisting in
hybrid ZnO-SiO, biointerface. The evidence of hybrid ZnO-SiO, active sur-
faces for the newly deposited ZnO ultrathin layer is further supported by the O
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Is high-resolution spectra as shown in Fig 6.8.
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Figure 6.8: XPS high resolution spectra in the O (1s) binding energy region for (a) ZnO-2, (b)
Zn0-3, and (c) ZnO-4 after protein adsorption and, for comparison, for (a’) ZnO-2,
(b”) ZnO-3, and (c’) ZnO-4 before protein adsorption

For the as-deposited ZnO films, the O 1s photoelectron peak can be con-
sistently decomposed into two components (Fig. 6.8 (a’-c”)), respectively, at
530.5+ 0.2 eV (OM) and 532.0 = 0.2 eV (OH). The lower binding-energy com-

ponent is attributed to O*~ ions of the crystalline network, which is identified as
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originating from O 1s core level of Zn-O [29], while the higher binding-energy
component is usually attributed to O species, i.e., the presence of loosely bound
oxygen on the surface of ZnO film [30]. The surface-related component is pre-
vailing in the ultrathin films ZnO-2 and ZnO-3 (OH/Oyy, respectively, of 66%
and 63%), while it is slightly lower than the OM component in ZnO-4 film
(OH/Oy ~ 45%). After the protein immobilization process (Fig. 6.8 (a-c)), the
OM component is hindered by the predominance of a new component centered
at BE = 531.5 £ 0.2 eV, which is related to the protein C=O bonds. This protein-
related component is comparably higher than the OH one for both the ultrathin
ZnO — SiO, films (about 3:1), while it is the only one visible for the control
Zn0O-4.

To summarize, evidence of comparable protein mass uptakes onto the dif-
ferent ZnO-based films is provided by the attenuation of the substrate-related
signals (Zn, Si and OM component of the oxygen peak) as well as the appear-
ance of protein-related signals (nitrogen and (C;) component of the carbon
peak). The average protein orientation at the interface with the ultrathin ZnO-
based films seems to be affected by the hybrid ZnO-SiO, character of the sur-
faces with respect to the control ZnO-4 sample.

Fluorescence microscopy was employed to scrutinize the response of the
various ZnO deposited films to the binding of fluorescein-conjugated albumin as
well as to implement data from XPS analysis about protein surface coverage,
density and uniformity. Indeed, fluorescence analysis allowed determining in a
semiquantitative way the protein uptake for the different ZnO films as well as
the lateral mobility of the protein at the protein—zinc oxide interface.

Fig. 6.9 shows the representative LSM images recorded in fluorescence
mode at the borderline between protein-exposed (brighter area) and masked
(darker area) regions for control SiO, (Fig. 6.9 (a)), ultrathin ZnO — SiO, film
(ZnO-3, Fig. 6.9 (b)) and thick ZnO control (ZnO-4, Fig. 6.9 (c)) samples. As
our experimental scheme involves non specific adsorption of the protein mole-
cules onto substrates, the protein molecules were randomly distributed over the
entire protein-exposed surface area. Indeed, an enhanced fluorescence, related to
the enhancement of emission recorded at 519 nm of wavelength, is observed for
all the ZnO films as well as the control glass (SiO,) upon the uptake of
fluorescein-labeled protein. By assuming that the uniformity of the antigen cov-
erage can be correlated with the standard deviation in pixel luminance for each

of the samples, it appears that the protein coverage is less homogeneous on the
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ultrathin ZnO-SiO, films than on the thick ZnO sample.

1
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Figure 6.9: LSM results for protein ZnO-SiO2 biointerfaces: (a-c) Characteristic fluorescence at
the borderline between masked and albumin exposed regions for: (a) glass, (b) ZnO-3
and (c) ZnO-4, (d) average emission intensity at 519 nm for each surface after protein
immobilization (black columns) vs. incubation with buffer (gray columns) significant
difference with respect to glass, as calculated with ANOVA, p < 0.001 (average of 15
photobleached spots per substrate in each experiment, error bars = standard deviation).

What is more, the comparison of the fluorescence intensity for the differ-
ently protein-exposed films normalized vs. the corresponding control bare sub-
strate and subtracted of the background emission (Fig. 6.9 (d)) evidences
roughly a twofold increase in average fluorescent intensity (p < 0.001) of the
ZnO-based samples compared with SiO, notwithstanding the comparable
amount of immobilized protein as estimated by XPS. This fact points to the ca-
pability of our deposited ultrathin ZnO films to work as nanoplatform for
fluorescence enhancement upon interaction with the protein.

The laterally homogeneous and ultrathin ZnO-based films have been com-
pared with ZnO — SiO, nanoplatforms in order to scrutinize the lateral diffusion
properties of protein adlayers on the patterned micropore arrays vs. the unpat-
terned ZnO films.
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As matter of fact, the reduced critical dimensionality of ZnO materials at
the nanoscale, either by topographic or by chemical structuring, such as ZnO
nanorods or SAM-modified planar ZnO, is known to play a fundamental role in
the fluorescence enhancement effect [7]. Therefore, the dimensional control of
ZnO nanomaterials is very critical to trigger fluorescence detection from pro-
teins. In this context, it has been reported that ZnO nanoplatforms, consisting of
thin films of hexagonally patterned ZnO nanoring arrays and SiO, circular areas,
as obtained by colloidal template-assisted MOCVD process, are effective for
immobilization of albumin [19]. As the effective process integration of colloidal
lithography with MOCVD performed at extremely mild conditions has been
demonstrated at the temperature/times of deposition as those used in the case of
Zn0O-3 samples [11,31], the ultrathin ZnO-3 films have been patterned into dense
and regular micropore arrays (ZnO-3 NP samples).

The mobility properties of the protein molecules adsorbed on the two
types of ZnO substrates have been assessed by FRAP experiments, which con-
sist in using a focused laser beam at high power to intentionally photobleach
quickly and locally fluorescently tagged proteins. Mobile proteins can exchange
with their unbleached counterparts, leading to the recovery of fluorescence in the
photobleached area at rates proportional to protein mobility.

FRAP is commonly employed to measure long-time two-dimensional dif-
fusion of proteins adsorbed at solid—liquid interfaces, which depends on both
protein—surface and protein—protein interactions [32,33].

Fig. 6.10 shows the results of the FRAP experiment performed on the pro-
tein adlayer onto both unpatterned (Fig. 6.10 (a)) and patterned (Fig. 6.10 (b))
ZnO-3 samples. It is worth of note that both types of protein — ZnO bio-
interfaces exhibit an extremely dynamic character, as well addressed by the mi-
crographs taken at t ~ 0. In fact, the initial fluorescence before bleaching (t < 0)
is expected to be quenched in a well-defined circular area by the high-intensity
laser beam (circles drawn in Fig. 6.10 (a,b), t <0).

However, due to very fast random motion/diffusion of bleached protein
molecules exchanging their position in the bleached area with non-bleached
molecules from the surrounding, the bleached circles are not well defined al-
ready within the time required to record the first micrograph (t ~ 0). This finding
suggests that the albumin aggregates on the ZnO substrates have a relatively fast

diffusion at the surfaces and move around independently.
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Figure 6.10: Fluorescence recovery after photobleaching for albumin in adsorbed on: (a) unpat-
terned ZnO-3 and (b) patterned ZnO-3 NP. Images are shown (from left to right) for
pre-bleach, beach, after Im After 1 m and 6 m of time lapse, (c) Time-solved fluo-
rescence from samples shown in (a and b), as well as control albumin adsorbed on
SiO, (glass). Average of 12 photobleached spots per substrate in each experiment
were investigated.

As to the fluorescence recovery (t > 0), two different kinetics are observed
for the unpatterned and micropore-patterned ZnO-based films, corresponding to
linear and polynomial fits, respectively (Fig. 6.10 (c)). In particular, the protein
molecules adsorbed on the ZnO-3 NP exhibit only a partial recovery and a lower
effective diffusion than those adsorbed on the ZnO-3 surfaces. It is noteworthy
that the fluorescence recovery from the protein adlayer on the reference glass
substrate exhibits a polynomial curve trend similar to that observed for the hy-
brid ZnO-SiO, micropore sample.

The diffusion coefficients calculated by using the Axelrod’s algorithm
[34] are, respectively, of 2.4:10"° cm*/s on glass, 1.5-10"° cm?*/s on ZnO-3 and
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1.0-10™"" cm®/s on ZnO-3 NP. These findings indicate that, apart from the obvi-
ous enhanced friction suffered by the molecules moving inside the pore rims of
the patterned ZnO-3 film in comparison with the unpatterned sample (i.e., topog-
raphic effect), the presence of SiO, areas confined by the ZnO is relevant to trig-
ger the protein mobility at the biointerface (i.e., chemical effect).

Similar results, pointing to a friction-reduced lateral diffusion on pore
rims compared with that of the area within the pore, have been reported for lipid
membranes on ordered porous silicon substrates [35]. In our case, the protein
diffusion rate on the hybrid ZnO-SiO, surface is likely be affected not only by
the topography but also by the surface chemistry and charge. In fact, the latter
are crucial factors for the strength of interaction and the protein conformation at
the protein—solid interface, thus affecting the transport process elucidated by
FRAP [33,36,37].

It must be also mentioned that, since the ZnO isoelectric point is higher
than that of SiO, (i.e., IEP 9.5 vs. 2 [38]), it is consistent that the fraction of im-
mobile and laterally diffusing molecules at the solid-liquid interface is locally
different on the hybrid ZnO- SiO, system.

To conclude, in this chapter the procedure to fabricate ultrathin unpat-
terned and patterned ZnO films on silicon substrates was described. Particular
attention was devoted to the growth of ZnO in mild deposition time (< 60 min) -
temperature (250 - 400 °C) regime.

The conducted depositions on unpatterned silicon substrates resulted in
the formation of ZnO films having grain-like structure. In particular, the study of
morphology of as grown films revealed that longer deposition time and higher
temperatures are required to grow smoother films. Moreover, the analysis of the
composition suggested that higher deposition temperatures result in better sub-
strate coverage along with less carbon contamination of the films obtained.
Therefore the lower deposition temperature threshold was set to 300 °C.

In case of ZnO films grown on patterned substrates, the structured ZnO
nanohole arrays were obtained, consisting of ZnO confined rings on SiO, sur-
face. Composition analysis revealed that growth at 400 °C for 60 min resulted in
formation of continuous layer fully covering silicon substrate. Tailoring of time-
temperature parameters allowed to control thickness of nanohole arrays and the
inner diameter of the rings. The described two-step approach represent a bottom-
up approach allowing to obtain ZnO/SiO, ultrathin films which are promising

for use as nanoplatforms for biological sensing.
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The combined use of PS nanospheres template and catalyst-free MOCVD
or CBD can benefit in growing ZnO nanoring arrays (at low temperature and
short time), characterised by very large surface areas, which replicate the tem-
plate of the PS monolayer assembly. The designed fabrication procedure leads to
formation of porous materials having a wide variety of applications in bioengi-
neering, catalysis, environmental engineering, and sensor systems because of
their high surface-to-volume ratio.

This study is offered as an initial investigation for the preparation of ZnO-
based sensors, by elucidating on an integrated MOCVD—-CL deposition strategy
to produce hybrid ZnO-SiO, platforms having tunable chemistry and topogra-
phy, which in turn enables different fluorescence detections during biomolecule
binding events. The electrostatic interaction based technique provides an easy
and fast-responding optical platform for a “signal-on” detection of proteins,
which might be applicable for the real time assay of proteins.

Further studies with a wide range of new patterns, for instance by chang-
ing the density and/or the area of the ZnO—SiO, pore arrays, will allow the tun-
ing of the surface reactivity towards transport processes at the biointerface to be

used as models in biological studies or in applications such as biosensors.
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7. Chemical bath deposition of

ZnO nanostructured arrays

Introduction

In the previous chapters the vapour phase growth of ZnO in the range of
temperature from 300 to 700 °C allowing the formation of thin films and nano-
rods is presented. Nevertheless, the present technological demand presses to-
wards flexible, low cost, easily scalable and reproducible approaches. Therefore,
solution growth methods involving liquid phase deposition strategy are currently
attracting considerable efforts of research activity as bottom-up strategies to
form one-dimensional ZnO nanostructures [1,2]. In fact, wet chemistry based
methods are versatile, low cost, environmental friendly techniques and allow
large-scale production on almost every kind of substrates [3]. Even more impor-
tant, CBD favours an accurate control of the morphology and the orientation of
ZnO nanostructures by tuning the process parameters through the relevant equi-
libria that are established in the solution [4]. Although various shapes of ZnO are
obtained via CBD, the systematic control of crystal shape still remains a chal-
lenge [5,6].

The basic idea of solution growth involves multistep “nucleation-growth”
processes. Lowering the interfacial energy barrier is the central consideration for
heterogeneous nucleation.

The methodology of the solution growth of crystals on a seed is the estab-
lishment of growth conditions in which the process is represented by the sum of
macro- and micro-processes occurring between the interface boundary of the so-
lution and the crystal. The composition and concentration of the solution, tem-
perature and pressure, hydrodynamic conditions, and surface contact of the
phases are some of the basic physical and chemical parameters which determine
the regime and rate of dissolution of the nutrient, mass transport, and possibility
of the formation of new phases.

One way to reduce the interfacial energy can be the use of organic addi-
tives, called capping agents or structure-directing agents, were proven efficient
in tuning the size and shape of nanocrystals, mainly by manipulating the surface

activity [1,2]. The role of capping agents is to introduce secondary nucleation si-
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tes on initial structures by reducing the interfacial activation energy.

Epitaxial growth is another way of lowering the interfacial barriers. Sub-
strates with small lattice mismatch to the overlayer materials have been exten-
sively chosen to guide the assembly of one-dimensional (1D) nanoarchitectures.

Lately, homoepitaxy routes are commonly used for ZnO nanoarrays for-
mation and a homologous seed layer is often required to promote the uniform
growth of oriented nanorods from aqueous solutions. Although it has been
shown [7] that hydrothermal ZnO growth can occur without seed layers, most of
the literature related to aqueous solution hybrid approaches has been focused on
the formation of nanorods using homoepitaxial ZnO seed layer, such as crystals
or thin films [8-11].

In fact, the presence of nucleation sites lowers the CBD thermodynamic
barrier, improves the aspect ratio of the obtained nanorods [9, 10] and favours a
better uniformity [11]. Nucleation sites can be introduced through a seed layer of
ZnO deposited by drop casting, sputtering or spin coating of Zn (II) sols onto the
substrates, with a following post-annealing to favour ZnO crystal growth. Re-
cently, the decomposition of zinc acetate at 200 — 350 °C has been proposed to
produce nucleation sites for ZnO nanowires [12-14]. Moreover, it has been
shown that pre-coating of glass and silicon substrates via sol-gel/spin coating
[14-18], annealing of either RF sputtered [19] or MOCVD [20-22] deposited
seed layers enhances texturing and crystallinity and is crucial for the formation
of aligned ZnO nanowire/nanorod overlayers with improved properties.

To realize the preferable growth along a longitudinal direction, especially
to regulate the aspect ratio of the produced nanorod/nanowire structures, the de-
gree of supersaturation of the solution also has to be taken into the consideration,
so that the growth of the pre-existing particles is favourable compared to the
formation of new nuclei [4].

In fact, the general procedure for the solution based growth requires the
substrate coating with a ZnO seed layer (thin film). Later, the substrate is im-
mersed into a water solution supersaturated with zinc salt, amines (complexing
agent) and other ions. When the solution is heated up (50-90°C) micro/nano
structured ZnO is formed on the seed layer by heterogeneous nucleation and
growth from the hydrolysis of zinc salts. However, supersaturated solutions form
unstable clusters that can produce precipitates either on the substrate or in solu-
tion. Therefore, according to classical crystallization theories, the supersatura-

tion degree is a significant parameter affecting the nucleation process, for both
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homogeneous or heterogeneous nucleation. In fact, homogeneous precipitation is
favoured under a high supersaturation degree, while heterogeneous nucleation
growth would be favoured in a lower supersaturation region. It competes with
the heterogeneous mechanism that favours the deposition at the solid/solution
interface. The heterogeneous process prevails during the initial step of CBD
while, upon increasing the growth time, the homogeneous growth acts as a stop-
ping process, thus inhibiting the further growth of nanostructures. In fact, at the
end of the CBD process, the grown ZnO nanostructures present bimodal mor-
phology consisting of an underlying nanorod arrangement covered with porous
and poorly adherent, microstructure agglomeration (Fig. 7.1). However, rinsing
with distilled water has proven to be effective to remove homogeneously depos-
ited ZnO agglomerates from the substrates and to obtain clean and well adherent

nanorod arrays.

{

=

Figure 7.1: SEM image of ZnO nanostructures deposited on ZnO seeded substrates at the end of
the CBD process, before washing steps.

In principle, the primarily formed structure could serve as substrate to ini-
tiate the secondary heterogenecous nucleation on the condition that the remaining
concentration is sufficiently high to initiate nucleation and the interfacial energy
of nucleus/substrate is lower than that of particle/solution. However, the research
on such in situ hierarchical organization is limited probably due to the compli-
cated kinetic processes. [23].

In addition, the low-temperature aqueous solution strategies used to grow
ZnO nanostructures are fully compatible with emerging strategies devoted to the

patterned growth of ordered ZnO nanostructure arrays by employing monolayer
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colloidal crystals. In fact, colloidal lithography has been proven to be a flexible
and cost-effective technique for the patterning of nanostructured arrays with
long-range periodicity in a large scale [24].

Herein, a systematic study of effects of morphologies of ZnO seed layers,
deposited via thermal reduction of drop casted zinc acetate ethanolic solution
and MOCVD grown ZnO films on Si substrates in a wide temperature ranges
(300 °C-600 °C) and deposition times (10 — 60 min), on the properties of ZnO
nanorods fabricated using a following CBD process is presented.

Moreover, a new method to obtain ZnO nanoplatform on glass substrates
by integration of metal - organic chemical vapour deposition (MOCVD) with
nanosphere colloidal lithography (NSCL) and chemical bath deposition (CBD)
approaches is suggested. Ordered ZnO nanoplatforms have been recently inves-
tigated to study protein adsorption processes and have demonstrated interesting
potentialities as fluorescence based sensor [25,26]. The interaction of the newly
deposited materials with a model biomolecule (fluorescein-labeled albumin) was

investigated by fluorescence recovery after photobleaching (FRAP) experiments.

Results and discussion

Herein, we demonstrate the growth of ZnO nanostructures at 70 °C and in
near-neutral pH conditions using various seed layers. It is well known that
growth of any overlayer requires uniform and well oriented seeds underneath
[27-29]. Seeding, in turn, involves stringent requirements to favour one-
dimensional monocrystal growth without lateral transport of matter. In fact, the
ZnO nanorods nucleate directly on the ZnO seeds or at their boundaries and,
therefore, the vertical alignment of the nanorods heavily depends on the orienta-
tion of the seeds. Generally adopted seeding strategies include sol-gel spin coat-
ing or dip-coating followed by high temperature treatments or, perhaps, physical
methods, like sputtering [19,27]. Seeding from chemical vapour deposition, has
been poorly investigated despite it represents a low cost, viable and easily tune-
able source using a large variety of operational parameter and sources. It re-
quires simple and low/ambient pressure apparatus, while favouring conformal
deposition well suited for complex shapes.

Nevertheless, despite some systematic studies have investigated the ef-

fects of annealing treatments of the ZnO buffer layers deposited by MOCVD in
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the perspective of improving the properties of the subsequently deposited CBD
ZnO main layer [21,22], the impact of changes of buffer layer properties upon
varying the MOCVD deposition temperature on the final morphology of the
CBD grown ZnO nanorod arrays has been never scrutinized.

In the present case the growth of ZnO nanorods from seed layers depos-
ited from ethanolic solutions containing zinc acetate dehydrate or via MOCVD
of ZnO films on quartz and silicon substrates (see Chapter 3) is studied. ZnO
buffer layers were obtained by annealing at 150 °C the substrates drop casted
with ethanolic zinc acetate salt solution, whereas ZnO buffer layers grown by
MOCVD were deposited within 300 °C - 600 °C range from the Zn(tta),"tmeda
precursor [30].

Although the deposition temperature represents the most critical parame-
ter of any CVD process, other parameters, including the precursor evaporation
temperature and the O, reacting gas partial pressure, no doubt can be explored to
tailor structure, morphology and properties of growing film. Experimental data
have clearly demonstrated that clean and pure ZnO films require setting of the
evaporation source temperature at 170° C and of the flow of the O, reacting gas
at 250 sccm (see Chapter 4).

Effects of seed deposition approach and MOCVD deposition temperatures
on morphology and on crystal structure of ZnO buffer layer have been further
studied by SEM and AFM microscopies, and XRD.

Figure 7.2 (a) revealed that seed layer obtained by drop casting method
with post-annealing represents thin film non-uniformly distributed on the sub-
strate surface. As to the MOCVD grown seed layers, SEM images provide evi-
dence that ZnO growth proceeds through an island mode growth (Fig. 7.2 (b)).
At low temperature (300 °C) a discontinuous film structure, characterised by
hexagonal flakes, is therefore well evident. As the temperature increases, in par-
ticular in the 400 °C- 600 °C range, the films become continuous as a conse-
quence of island coalescence and the granular structure changes from smaller
(Fig. 7.2 (¢)) to larger and more geometrically defined grains (Fig. 7.2 (d,e)).
The inferred thickness ranges from ~ 50 nm for the samples deposited at 400 °C
to ~ 150 nm for those deposited at 600 °C. The thickness of samples deposited at
300 °C can be hardly detected due to the flaky nature of the layer.

The AFM analyses (Fig. 7.3) match well SEM morphologies. It, there-

fore, transpires that 300 °C represents a temperature threshold between two dif-
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(a)

Figure 7.2: SEM images of ZnO buffer layers deposited on Si substrates by drop casting (a),
MOCVD at 300 °C (a), 400 °C (b), 500 °C (c) and 600 °C (d).

ferent MOCVD growth modes. In fact, at this temperature, disordered flakes are
associated with an island growth involving a partially covered substrate and,
hence a high surface root mean square (RMS) roughness (~ 12 nm). Above this
threshold, a continuous layer becomes predominant and the smoother morphol-
ogy (RMS ~ 2-4 nm) appears controlled by the deposition temperature with
greater grains and related RMS values linearly increasing parallel to the tem-
perature evolution (Figure 7.4). These findings match well previously reported
data [30].

This behaviour can be related to quality of films. XRD data show that
drop casted annealed seed is amorphous (Fig. 7.5), whereas MOCVD grown
seeds are crystalline. The crystallinity becomes better upon increasing the tem-

perature and, hence, upon increasing the mobility of ad-atoms over the substrate.
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Figure 7.3: AFM images of ZnO buffer layers deposited on Si substrates by MOCVD at 300 °C
(a), 400 °C (b), 500 °C (c) and 600 °C (d).
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Therefore, under low temperature/mobility regimes, full crystallization
of films is precluded in accordance with the slightly discernible XRD pattern of
films deposited at 300 °C and 400 °C (Fig. 7.5). Note, however, that the negligi-
ble thickness of films must be considered to account for the poor XRD signal.
Upon increasing the temperature, a high mobility is favoured and ad-atoms ar-
range in well suited positions for crystal growth. Thus, at 500 °C the (002) peak
(26 =34.40°) becomes narrow (0.30°). The peak further shifts to 20 = 34.50° at
600 °C, with an even narrow FWHM (0.25°) [20,31].
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Figure 7.5: XRD patterns of ZnO buffer layers obtained by drop casting and MOCVD at different

temperatures respectively

ZnO nanostructures have been grown on these seeded Si substrates by
chemical bath deposition method (CBD). Hexamethylenetetramine (HMT) is
one of the most used ligand in ZnO CBD process [4,16,19]. ZnO nanorod forma-
tion is promoted by HMT thermal decomposition, that provides hydroxide ions
(OH") and ammonia molecules (NH3) to the solution [4,32], but the control of
the several equilibria involved in the process is critical. Other Lewis bases, such
as ethylenediamine (EDA) and triethanolamine (TEA), have been used in ZnO

CBD as effective complexing agents for the Zn®" ions and speciation calcula-
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tions [4] have indicated the pH conditions required to form ZnO, according to
zinc hydroxide supersaturation values. Despite pH of nutrient bath is another
important factor that control CBD mechanism, it has been found that ZnO films
and nanostructures can be formed also without pH adjustment of bath solution.
In this context, literature reports on a wide selection of Zn complexing agents
used in CBD [4,32-35].

As a matter of choice the N, N, N’, N’ -tetramethylethylenediamine, often
used in the metal-organic precursor synthesis [36] and related MOCVD deposi-
tion [30] can be considered as an effective ligand for Zn>". This Lewis base is
comparable to ethylenediamine, but its Zn > complexing capability is lower with
respect to latter. The hydrolytic equilibrium of the related complex controls the
overall CBD growth, by a gradual release of Zn*" and OH  reactants. At 70 °C
the dissociation equilibrium of [Zn(TMEDA),]*" is perturbed and the amino-
ligand undergoes basic hydrolysis [37,38]:

[Zn(TMEDA),J*" < Zn*' + TMEDA (7.1)
TMEDA + H,0 <> TMEDA-H" + OH" (7.2)
Zn*" + OH” — Zn(OH),| — ZnO| + H,0 (7.3)

Several authors [4,32,33,39] have reported on the buffer effect played by
the amino-based ligand during the CBD. No doubt, in fact, that equilibria 7.1
and 7.2 regulate the concentration of the Zn*" and OH ions in the solution. Thus,
when their ionic product (IP) exceeds the Zn(OH), solubility product constant
(Kyps) the precipitation of ZnO nuclei becomes activated, due to the presence of
free Zn*" and OH  ions. Zn(OH), and ZnO are thus formed in the aqueous solu-
tion. The precipitates of Zn(OH), are more soluble, compared to the ZnO pre-
cipitates, and therefore, they represent a reservoir of Zn*" and OH ions, which,
in turn, form the ZnO nuclei that represent the building blocks for the formation
of the nanorods.

The variation of the concentration of the complexing agent, of course,
modifies the OH™ concentration and, hence, enhances the film growth rate. On
the other hand, it increases the solution supersaturation level [40] (which pro-
motes an undesirable bulk precipitation), thus leading to the reduction of the film

growth. In particular, it is known that in ZnO CBD, the homogeneous growth
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mechanism is promoted by the deposition of ZnO clusters formed in the solution
[41]. It competes with the heterogeneous mechanism that favours the deposition
at the solid/solution interface [42-44]. The heterogeneous process prevails dur-
ing the initial step of CBD while, upon increasing the growth time, the homoge-
neous growth acts as a stopping process, thus inhibiting the further growth of
nanostructures.

In this general context, a successful strategy has been presently developed
and it has proven capable of growing, on seeded silicon substrates, ZnO nano-
rods, with a perfect hexagonal shape throughout their lengths and preferentially
oriented along the c-axis direction. Particular attention has been devoted to study
the effect of TMEDA ligand concentration, growth time, bath chemistry used on
CBD of ZnO nanorods and to define clean and reproducible procedures to obtain
nanostructures having tailored density and dimensions. There is evidence that
the ligand above mentioned parameters affect both the length and the width of
the ZnO nanorods, as well as shape, thus, resulting in a different nanostructure
density.

The growing ZnO nanostructures show a strong correlation between their
morphologies and those of the seed layer underneath. Figure 7.6 (a,a’) shows the
SEM images of sample formed on the drop-casted annealed seed layer. The
SEM cross section image indicates nanorod growth having diameter of ~ 200
nm. It is evident from the SEM images, that the top surface of these nanorods
appears smooth and hexagonally shaped whilst the lateral sides look porous and
not yet geometrically well defined. SEM data also point to nanorod length 500
mm (Fig 7.6 (a’)), unfortunately associated with the out-of-vertical alignment.
As to the ZnO grown on MOCVD grown seed layers, the ZnO nanorods grown
by CBD on seed layer deposited at 300 °C (Fig. 7.6 (b,b’)) also appeared to be
slanted and geometrically not well defined. This can be related to flake-like
buffer layer with an island morphology, not uniformly covering the silicon sub-
strates. SEM cross section images (Fig. 7.6 (b)) estimate a mean diameter of ~
100 nm. The seed layer is slightly visible in the cross section, due to the flaky
nature and thickness discontinuity. The overall stack length is ~ 400 nm (Fig. 7.6
(b”)). On passing to ZnO buffer layers deposited at 400 °C, the related ZnO CBD
nanorods show the expected hexagonal shape. Moreover, nanorods possess more
homogeneous dimensions distribution with an average diameter of ~ 200 nm and
a length of ~ 400 nm (Figure 7.6 (c,c’)). The seeding layer is well discernible in
the cross section with a thickness of about 60 nm (overall stack length of ~ 460
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Figure 7.6: SEM plane view and cross-section view of ZnO nanorods grown by CBD (25 mM) for
2 h on: buffer layer deposited by drop-casting of zinc (II) solution (a, a’), buffer layer
deposited by MOCVD at 300 °C (b, b’), at 400 °C (c, c¢’), 500 °C; (d, d’), at 600 °C (e,
e’).
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nm). Despite the dense buffer layer, the CBD ZnO nanorods still result in poorly
vertically oriented arrays. This observation matches well with the low crystallin-
ity of the buffer layer, in accordance with the XRD analysis (Fig. 7.5). By in-
creasing the deposition temperature at 500 °C, both the thickness (~ 110 nm) and
crystallinity of the buffer layer increase, thus acquiring a columnar-like shape.
As a consequence, the related CBD ZnO nanorods (Fig. 7.6 (d,d’)) appear more
vertically oriented, thinner (mean diameter ~ 60 nm) and somewhat shorter (~
260 nm). In addition, due to the reduced diameter, the mean surface density
(number of nanorods/surface unit) is dramatically increased and a dense ZnO
nanorods array is formed after CBD (overall stack length of ~ 370 nm). Finally,
there is evidence that at the highest deposition temperature (600 °C) the seed
layer consists of a primary array of ZnO nanorods (length ~ 150 nm) on which a
second array is replicated by CBD (Fig. 7.6 (e.e’)). The almost perfect matching
of both diameters (~ 100 nm) results in final CBD grown ZnO nanorods of about
~ 180 nm length (overall stack length of ~ 330 nm).It is noted that more struc-
tured seed layers lead to the growth, by CBD, of shorter and thinner (~ 100 nm)
ZnO nanorods as consequence of the comparable mass transport (same bath con-
centration and growth times) over a remarkably increased number of active sites.
Therefore, the surface roughness acts as nucleation sites for nanorods growth
[45]. Similar arguments can be invoked to understand the increase of nanorods
density upon increasing the MOCVD deposition temperatures of the ZnO seed
layers.

It has been already noticed that the morphology of the seed layer evolves
from a granular structure to nanorods upon increasing the related MOCVD
deposition temperatures. This trend, conversely, increases both the related sur-
faces-to-volume ratio and the numbers of active centres responsible for the het-
erogeneous nucleation at the ZnO buffer surface and CBD solution interface,
thus increasing the overall nanorods density. It, therefore, transpires that thinner
nanorods find counterpart in more dense structures.

Results provide evidence of slower growth rates upon increasing the over-
all roughness and morphological complexity of seed layers. Meanwhile, the den-
sity of nanorods per unit area is larger as a consequence of the smaller diameter
of the nanorods.

Of course, greater morphological complexities involve a large number of
nucleation sites that can be accessed by the ZnO precursor in the CBD solution.

In this case, the local precursor (Zn*" and OH) concentration at the solution-
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substrate interface is decreased, thus slowing down the overall growth rate. It is
worthy of note that CBD ZnO growth on thin amorphous ZnO seed layers have
similarly found that the related growth rates are greater than those over crystal-
line substrates. It, therefore, transpires that, at higher nucleation densities, the
gradient concentration experienced by each nucleation site fall-off, thus produc-
ing shorter and thinner nanorods.

Interesting enough, XRD patterns (Fig. 7.7) provide evidence of the influ-
ence of the crystallographic nature of underlying layers on c-axis texturing of
CBD nanostructures upon increasing the MOCVD deposition temperature. In
particular, for ZnO nanostructures grown on amorphous layer or on seeds depos-
ited at 300 °C and 400 °C typical wurtzite diffraction pattern is slightly visible,
while upon increasing the seed deposition temperature to 500 °C and 600 °C, the
crystallynity improves and the (002) orientation becomes dominant with respect
to (100), (101) and (102) peaks respectively. This is due to the fact that both the
better orientation and crystallization of the nuclei of the seed layer favour a

higher (002) texturing CBD nanorods.
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Figure 7.7: XRD patterns of ZnO nanorods grown by CBD (25 mM, 2 h) on various buffer layers

Nevertheless, both the better defined hexagonal geometry and the sidewall
compactness point to some lateral mass uptake that competes with the top verti-
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cal elongation, after an induction period. The aspect ratio of the CBD ZnO nano-
rods is governed by the relative growth rates of the polar [001] and of the non-
polar [101] and [100] surfaces [46-48]. ZnO, in fact, exhibits partial polar char-
acteristics having the opposite ends of (001) plane of the zincite crystal posi-
tively (Zn*") and negatively (O”) charged. This leads to a high surface energy
for these polar planes. Lower energy non-polar planes are thermodynamically
more stable and, hence, the CBD growth process favours nanorods growth along
the [0001] direction where the large facets are usually the non-polar planes.
Nanorods are, therefore, c-axis textured to minimize the exposed surface area of
the polar facets and to reduce the surface energy.

Additionally, seed layers having higher roughness might, in addition,
cause nanorods coalescence effects. In fact, not enough smooth at the nanoscale
level) substrates have nucleation seeds with the (001) planes not parallel to the
substrate. Growing nanorods, therefore, mismatch the c-axial direction, merge
with other nanorods and larger nanostructures are produced. Thus, nanorods
grown over flake-like substrates appear extremely slanted with coalesced nanos-
tructures and a wide size distribution. Therefore, we can conclude that seed layer
deposited above 500 °C is effective to grow 1D ZnO crystalline nanorods, while
seed deposited at lower temperatures or by drop casting result in more slanted
and polycrystalline nanostructures.

Figure 7.8: SEM cross-section view of ZnO nanorods grown by CBD (25 mM) on buffer layer
deposited by MOCVD at 500 °C/60 m for 6h (a) and 8h (b).

Growth time is an additional factor that affects the nanorod density and
their final length. Thus, the overall nanorod dimensions obtained using the 2 h
growth are smaller than the structures grown in 6 h period, having a diameter of
~ 80 nm (Fig. 7.8 (a)). Moreover, the nanorod length increases from 260 nm to
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750 nm (Fig. 7.6 (d) and 7.8 (a)) upon increasing growth time from 2h to 6h (us-
ing seed grown at 500 °C/60 min). Longer growth times (8 h) cause the densifi-
cation of the nanorods having diameter of 100 nm and the length increase to 1
pm (Fig. 7.8 (b)).

Figure 7.9: SEM images of ZnO nanorods grown by CBD (25 mM, 6 h) on buffer layer deposited
by MOCVD at 500 °C for 10 min (a, a’); 30 min (b, b”) and 60 min (c, ¢’).

Moreover, a strong correlation has been presently found between the seed
layer thickness and the CBD growth rate. Thus, ZnO buffer layers deposited by
MOCVD at 500 °C for 10 minutes (Fig. 7.9 (a,a’)) and 30 minutes (Fig. 7.9
(b,b’)) have been subjected to 6 hours CBD growth and the length of the ob-
tained ZnO nanorods has been compared to that obtained on the buffer layer de-
posited at the same temperature, for 60 minutes (Fig. 7.9 (c,c’)). It has been ob-
served that reduction of the MOCVD deposition time to 30 minutes results in a ~

70 nm thick seed layer with an overall length of ZnO nanorods increased to 850
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nm (vs 750 nm obtained on thicker seed layer deposited for 60 minutes, Fig. 7.9
(c,c’) and the density of the ZnO nanorods similarly increased. The further re-
duction of the seeding time to 10 min certainly causes a thinner and not uniform
buffer layer (not detectable in the SEM cross section), that leads to a reduction
of the CBD growth rate. Therefore, the ZnO nanorods (Figure 7.9 (a,a’)) growth
over buffer layer deposited at high temperature (500 °C) and short deposition
time (10 min) resembles that obtained on seeds deposited at lower temperature
(300 °C, Fig. 7.6 (b,b’)). This is the result of non uniform thickness due to less
controlled MOCVD deposition conditions. The neo formations show, in addition
a great dispersion of the sizes and a decreased nanorod densities.

To conclude, the thickness of the seed is an additional factor that impacts
on the overall quality of the ZnO nanorods and on the related growth rates. In
particular, greater growth rates are observed in the case of thinner seed layers
[28], providing a totally uniform thickness over the whole substrate. In this con-
text, drop-casted layer and MOCVD seed layers at lower deposition tempera-
tures (300 °C) or at shorter process times (10 min), are poorly uniform and not
suitable for high quality CBD ZnO nanorods growth. High quality and uniform
MOCVD seed layer, with a strong c-axis orientation are, thus, required for high

density and well aligned ZnO nanorods by CBD.

Table 7.1: Dimensions and growth rates of ZnO nanorods vs TMEDA concentration.

[TMEDA], mM | d,nm I, nm | Growth rate, nm/h

15 60 530 90
25 80 850 140
50 100 1150 190

Nanorods length has been also tailored by changing the nutrient bath con-
centrations [4], namely by increasing the Zn acetate and TMEDA concentrations,
keeping constant the (TMEDA/Zn*") ratio [38]. There is evidence that CBD
growth(on ZnO buffer layer deposited at 500 °C for 30 min) promotes formation
of ZnO nanorods whose growth rates, diameters and lengths vary upon changing
the nutrient bath concentration (TMEDA 15mM, 25mM and 50mM). In particu-
lar, the nanorods aspect ratio (AR = length/diameter) increases upon increasing
the concentration (Table 7.1) as shown in the prototypical SEM images reported
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in Figures 7.9 (b,b’) and 7.10.

Figure 7.10: SEM images of ZnO nanorods grown by CBD (6 h on 500 °C/30 m buffer layer) at
using different TMEDA concentrations, 15 mM (a, a’) and 50 mM (b,b’).

This observation agrees well with a prevalent c-axis oriented growth vs a
lateral growth. Moreover, there is evidence that lower TMEDA concentrations
(15mM) result in nanorod arrays of greater density (Figure 7.10 (a,a’)) compared
to higher concentrations (50 mM) (Figure 7.10 (b,b’)). It is worthy of note that
the higher precursor concentrations per unit area seems to promote the growth of
nanorods having a larger diameter as a possible consequence of coalescence
phenomena.

Precursor concentrations (Zn acetate and complexing agent/base) in the
nutrient bath are also usually viewed as critical factors to control the aspect ratio
and surface density of ZnO nanorods [4]. Present data agree well with a trend
[49] of increasing rates upon increasing the concentration with structures having
a predominant c-axis texturing and greater aspect ratio (see Table 7.1).

Ethylendiamine (EDA) and tetracthylenepentamine (TEPA) have also
been used as alternative to TMEDA ligand. It has been observed that EDA pro-
motes much slower ZnO growth comparable to TMEDA. On the contrary, TEPA
has not led to any growth due to the high pH (~ 10) thus affecting the supersatu-

ration regime of the nutrient solution.
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The XRD patterns (Fig. 7.11) confirmed the crystalline nature of the
nanorods with predominant c-axis orientation while using EDA and TMEDA as

chelating agents.

~— ZnO (100)

— #— ~——7n0 (002)
« 7no (101)
ZnO (102)

Intensity (a.u.)

| TMEDA

EDA

TEPA

30 32 34 36 38 40 42 44 46 48 50
20 (degree)

Figure 7.11: XRD patterns of ZnO nanorods grown by CBD (25 mM, 2 h) using various ligands

Comparison of SEM images of ZnO nanorods from TMEDA in the pre-
sent study (Fig. 7.10 (a,a’)) with those obtained from EDA (Fig.7.12), under
similar bath chemistry, leads to the following conclusions. Firstly, the nanostruc-
ture morphologies are different. In the case of TMEDA the rods have flat
smooth hexagonal surfaces (Fig. 7.10(a,a’)), while in case of growth from EDA
the sword-like nanostructures having conical tops formation is observed (Fig.
7.12 ). Moreover, the growth rate is reduced 3 times if the EDA is used instead
of TMEDA leading to formation of nanostructures having length of ~ 200 nm.

Figure 7.12: SEM plane (a) and cross-section (a’) images of ZnO nanorods deposited using
15mM EDA ligand for 6 hrs on 500°C/30m grown seed layer
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Photoluminescence measurements provide important information about
the crystal quality of ZnO nanostructures. The optical response of the ZnO nano-
rods obtained by the combination of seed layer (400 °C) and CBD deposition
conditions (TMEDA 50 mM) resulting in the faster growth rate has been scruti-
nised. Figure 7.13 shows the room-temperature photoluminescence (PL) spectra
of ZnO nanorods grown on low temperature (400° C) MOCVD deposited seed
layer. The poorly crystalline seed layer presents a wide weak ultraviolet band-
edge emission peak centred at ~ 390 nm. After the CBD growth, despite the poor
ZnO nanorod alignment, photoluminescence measurements show a strong UV
emission at 377 nm along with a weak and broad green emission around 550 nm
(Fig. 7.13). The band-edge emission is typically related to recombination of free
excitons [50], while the visible green emission is associated with the structural
defects of oxygen vacancies [51].
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Figure 7.13: Photoluminescence spectrum of ZnO nanorods grown by CBD (50 mM, 2 h) on seed
layer deposited at 400 °C.

The band-edge emission peak is very sharp and narrow (FWHM= 14 nm)
and the large intensity ratio of UV to green PL points to the high crystal quality
of ZnO nanorods, despite the low crystallinity of the seed layer. In fact, the rela-
tive high PL intensity ratio between the UV and green emissions (~ 10) indicates

that ZnO nanorods have low deep level defect concentration. The predominance
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of the UV peak over the weak green band (Iyy/Igee=10) provides a clear evi-
dence of the high optical and crystalline quality of the ZnO neo-formations, de-
spite their poor vertical alignment. It can be concluded that higher concentration
of CBD bath can improve the crystal quality, growth rate and optical properties
of the corresponding ZnO nanorods, despite the crystal quality of the ZnO seed
layer.

To summarise, a simple two step-solution route is developed to grow or-
dered ZnO nanorod arrays (Fig. 7.14). Accurate control of growth parameters
such as choice of seed and ligand, ligand concentration, growth time allow to
fabricate high quality ZnO material having high surface to volume ratio.

In previous Chapter, the successful fabrication of nanostructured arrays is
presented by two-step NSCL-MOCVD approach. Herein, particular efforts were
concentrated to achieve a controlled growth of patterned ordered arrays in solu-
tion. To do so, we present 3 step fabrication strategy, involving MOCVD-
NSCL-CBD strategies. The fabrication of the present ZnO nanoplatforms re-
quires the initial formation of ZnO seed, obtained by MOCVD, followed by self-
assembly of PS microsphere masks and subsequent CBD growth of ZnO nano-
rods (Fig. 7.14).

&Y /e B e

MOCVD j
D Patterned

y — N
Y Y& _/m’ removal

Figure 7.14: Graphical representation of the experimental steps for the MOCVD- CL-CBD
synthetical route for ZnO fabrication: (a) unpatterned ZnO, (b) patterned ZnO

Figure 7.15 shows the effective fabrication of patterned ZnO nanostruc-
tures using TMEDA (Fig. 7.15 (a)) and EDA (Fig. 7.15 (b)) the colloidal poly-
meric masks removal. It is well visible that the extension of the pattern vacan-
cies within the template defines different density areas of ZnO nanorods, whose
dimensions are strictly connected to the available surface area of the underlying
seed layer.

Fig. 7.15 (a,b) reveals the presence of ZnO nanotubes (mean diameter~ 40

+ 20 nm), as the result of a hindered growth process due to the confining effect

136



Chapter 7 [1Chemical bath deposition of ZnO nanostructured arrays

of PS mask during the CBD growth [52] On the contrary, the external ZnO
nanorods (mean diameter ~ 200 nm in case of TMEDA and ~ 100 nm in case of
EDA respectively) are characterised by a higher density, better defined geometry
and variable length according to the CBD growth parameters [38,53]. Moreover
it should be noted that, external rods produced using TMEDA ligand resulted in
formation of hexagonal rods with flat tops, while the use of EDA led to the for-
mation of sword-like structures. From the SEM cross section (Fig. 7.15 (b’)) an
average value of ~ 600 nm (1h of growth) for the ZnO pores depth is measured

suggesting that growth rate is enhanced due to spatial confinement.

Figure 7.15: SEM plan view of ZnO nanoplatforms produced using TMEDA (a) and EDA ligand

(b) and related cross section (b”)

XPS analysis has been performed to study the surface composition of the
obtained ZnO nanoplatforms (Table 7.2). The comparison between patterned and
unpatterned ZnO samples evidences significant differences of surface chemical
composition, within the sampling depth at the current analysis conditions. In par-
ticular a dramatic decrease of detected zinc signal is found for patterned samples
(~ 7% of atomic concentration vs the ~ 23% detected for both seed and unpat-
terned layers), associated to the appearance of the silicon signal from the sub-
strate. This finding is likely related to the porous nature of the ZnO nanotubes
confined inside the interior area of the micropore array (see Fig. 7.15 (a)). In ad-
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dition, solvent driven effects related to colloidal lithography micropatterning and

resulting in a partial ZnO dissolution can be invoked [54].

Table 7.2: XPS quantitative analysis of patterned and unpatterned ZnO surfaces

Zn C 0 Si
MOCVD 23 | 35 | 43 -
Unpatterned 23 40 37 -
Patterned 7 38 43 12

The peak shape analysis of C 1s high-resolution spectra (Figure 7.16 (a))
for the three investigated surfaces, namely MOCVD seed layer, ZnO unpat-
terned nanorods and ZnO patterned nanotubes-nanorods, evidences a similar dis-
tribution of peak components. In particular, the C 1s peak is a convolution of
three main different components, corresponding respectively to: (i) C-C and C-H
bonds (binding energy (BE) = 284.8 eV), (ii) C-O bonds (BE = 286.5 e¢V) and,
(iii) carbon doubly bonded to oxygen species such as C(=0)O or O-C-O bonds
(BE = 288.8 ¢V) mainly due to surface adsorbed carbonates and hydrogen car-
bonates [55].

On the other hand, the O 1s high resolution spectra (Fig. 7.16 (b)) clearly
evidence two main peak contributions, attributed to bulk Zn-O species (BE=
530.5 eV) and to adsorbed oxygen species (BE = 532.2 eV) respectively [56].
The latter, clearly prevailing in the patterned sample after PS sphere removal, is
an indication of a high surface hydroxylation. Therefore, it can be reasonably ar-
gued that the patterned ZnO nanoplatforms are characterised by a higher contri-
bution of surface polar moieties than the corresponding unpatterned surfaces.
This evidence is explained by the high surface-to-volume ratio of the present
nanoplatforms where the dimensionality of the ZnO nanorods is combined to the
porous nature of the hemispherical arrays, thus suggesting a peculiar response in
terms of protein behaviour at the investigated interfaces.

FRAP experiments have been performed to get more insights about the
mobility of proteins adsorbed onto the ZnO investigated surfaces. In this context,
albumin has been used as a model biomolecule whose adsorption on solid sur-
faces is known to be strongly influenced by the polar character of the substrate
[57,58].
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Figure 7.16: XPS peaks of C 1s (a) and O 1s (b) for seed layer (MOCVD, light gray line),
ZnO unpatterned (dark gray line) and ZnO patterned (black line)

Some representative fluorescence images for a FRAP experiments for
fluoresceine-labeled albumin adsorbed on patterned and unpatterned ZnO are
shown in Figure 7.17. The fluorescence recovery, due to lateral diffusion of un-
bleached/bleached protein molecules inside/outside the bleached spot, is, thus,
related to the protein mobility at the bio-interface between the adsorbed protein
layer and the ZnO surface. Only a partial recovery of fluorescence is obtained
from both unpatterned and patterned ZnO nanorods.

However, the analysis of the emission intensities, normalized to the pre
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bleach values (Figure 7.18 (a)) evidences a faster recovery for unpatterned ZnO
nanorods than the ZnO nanoplatforms. Moreover, the normalised fluorescence
increments for specific emission recovery related to the ZnO nanotubes areas (i.e
inside the micropores) is lower than that from the external ZnO nanorod areas
(i.e. outside the micropores) (Fig. 7.18 (b)) as to the reported effect of topogra-
phy on electrostatic and dispersion interactions at the solid-liquid interface [59].

Figure 7.17: Confocal microscopy images (Aex= 488 nm, Aem= 531 nm) of unpatterned (a) and
patterned (b) ZnO samples after FITC-alb adsorption. Images for the montage have
been picked up immediately before bleach (left), immediately after (centre) and 80 s
after bleach (left). In the insets the merged images of fluorescence and bright field

from the bleached area. Scale bar =2 um

To summarise, the obtained results point to the effectiveness of chemical
and/or topographical patterning of ZnO surfaces as a sensitive and tunable factor
to control the response of biological molecules at the interface.

To conclude, a two steps MOCVD-CBD approach is presented as a suc-
cessful strategy to fabricate c-axis oriented ZnO nanorods. Effects of the ZnO
buffer layer, deposited by drop-casting of zinc (II) solution and by MOCVD, on

140



Chapter 7 [1Chemical bath deposition of ZnO nanostructured arrays

(a) 1,D-L_o o @ unpatterned
| Q- patterned
0.8 - ! 6.0-0-0-0 o0-0
0-0-0
ey o] o
3 06 e
s U o .
> a© s ?®
: e
£ 0.4 .® .
J s
024 o
@
El
DD T T T T
0 20 40 60 80 100
Time (s)
B A Nside pore -
o OUTside pore = by
£ S
8 - A
§40+
g a
=1 g
2 "
& o i A
§ ¥ A"
4 - A -
£20- S A “‘—’ &
- P A
s AN
'g ’,"’,3 A
E 0 ”;' T T T T
0 20 40 60 80
Time (s)

Figure 7.18: (a) Normalised fluorescence intensity over whole FRAP experiments for ZnO unpat-
terned (solid circles) and patterned (open circles); (b) Normalised fluorescence in-
crements for emission recovery from INside (up triangles) and OUTside (down tri-
angles) ZnO pore areas.

the subsequent CBD growth of ZnO nanorods have been scrutinised. The thick-
ness and structural complexity of the ZnO buffer layer has a great impact on the
nanorods growth rate and greater surface roughness slow down the CBD growth.
In fact, the ZnO buffer layer acts as a nucleation template for the ZnO nanorods
growth and, hence, more complex templates have more ZnO nuclei that favour a
higher ZnO nanorods density. Nevertheless the corresponding growth rate ap-
pears slowed down due to an overall decrease of the Zn*" and OH™ concentration
at the substrate-CBD solution interface.
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Moreover, the good crystalline grade of seed layers appears strongly rela-
ted to the MOCVD deposition temperature and represents an important parame-
ter to improve texturing of ZnO nanorods.

Additionally, the effect of nutrient bath concentration on CBD growth rate
has been scrutinised. Lower nutrient bath concentrations are associated with
slower ZnO growth rate. Upon increasing the concentration, the CBD process is
faster and the global nanorods aspect ratio is increased thus supporting the pref-
erential 1D growth along the c-axis of the ZnO nanostructures. Furthermore, the
choice of ligand allows to control the supersaturation of the solution promoting
the nucleation and also affects the morphology of the resultant nanostructures.

Moreover, it has been demonstrated that the present approach is effective
to grow, even over low quality buffer layers, deposited via MOCVD at low (400
°C) process temperature, long and crystalline ZnO nanorods possessing, at room
temperature, a strong ultra-violet (UV) photoluminescence edge emission at
about 3.28 eV and a weak green contribution. This is evidence of limited defect
densities of the obtained ZnO nanostructures.

Finally, nanotube-nanorod hybrid networks have been successfully as-
sembled as dense ZnO micropores arrays by an effective integration of
MOCVD-CL-CBD processes. The intrinsic porosity inferred by topographical
patterning affects, in turn, the surface chemical structure, as measured in terms
of surface polar moieties. Proof of working measurements of protein lateral dif-
fusion after adsorption onto the ZnO nanoplatforms evidence the reduced bio-
molecule mobility inside the hemispherical micropores, explained by their in-
trinsic porous nature and related polarity. To conclude the present ZnO nanoplat-
forms have a great potential for biosensing application as their interaction with

biomolecules of interest can be easily triggered by proper tuning of the system

dimensionality.
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8. Fabrication of hierarchical core-shell

Ti0,-ZnO nanostructures

Introduction

The use of gas and biological sensors represents an emerging market
resulting from strategies for intelligent process management, environmental
protection and medicinal diagnostics as well as from the domestic, aerospace
and automobile sectors. Hence, the development of fast responding, sensitive
and especially highly selective gas sensor materials is of major interest.

It is worth noting that the sensitivity of chemical gas sensors is strongly
affected by the specific surface of sensing materials. A higher specific surface of
a sensing material leads to a higher sensor sensitivity, therefore many techniques
have been adopted to increase the specific surface of sensing films with fine
structures, especially to form the nanostructures, taking advantage of the large
specific surface of nanostructured materials. In particular, recently,
heterostructured one-dimensional (1D) nanomaterials have been extensively
studied due to their synergetic properties, surface modification, large interfacial
area which may give them more versatile functions than nanomaterials that can
be used effectively for nanoscale devices. Hierarchical hetero-nanostructures
find applications in a variety of fields such as field emission photovoltaics,
supercapacitors, photocatalysts, sensors and multifunctional nanocomposites that
require high surface areas [1-7].

Core-shell nanomaterials, a type of heterostructured nanomaterial, are
currently widely used in the areas of catalysis, drug delivery and sensors, etc [8-
10]. In this perspective, it is becoming important to develop new methods of
synthesizing a wide variety of core-shell nanomaterials in order to enhance the
properties of nanomaterials and therefore device performance significantly.
Synthetic routes suited for enhancing robustness and controlling sizes, shapes,
and compositions have therefore received increasing attention in recent years. In
this scenario, metal oxide semiconductors having dual or multiple morphologies
and structures become of interest since they represent a versatile solution for

performance enhancement and applications in multifunctional devices [11].
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Among semiconductor oxides, oxide-based titania (TiO;), a native
oxygen-deficient metal oxide, with a bandgap of 3.2 eV (anatase) has been
undoubtedly proved to be an economically moderate dopant and potential
sensing material.

TiO; has four major polymorphs: rutile (tetragonal), anatase (tetragonal),
brookite (orthorhombic), and TiO, (B) (monoclinic). The lattice structure
difference of these polymorphs leads to many different physical and
physicochemical properties and thus results in different performances in
applications. For instance, the band gaps for bulk rutile and anatase are 3.0 and
3.2 eV, respectively. Anatase exhibits higher electron mobility than rutile, which
makes it more suitable for the application in solar cells.

Rutile and anatase are the two most important crystal polymorphs of TiO,,
which can be attributed to their relatively higher stability and easier synthesis.

It has been widely demonstrated that the functional properties of the TiO,
material depend on not only its morphology but also its crystalline structures. It
has been found that TiO, as an additive could greatly improve the gas-sensing
properties of sensors based on SnO,, WO;, ZnO, Ba,0s, etc. The search for an
improved semiconductor-based sensor has expanded into new metal-oxide
systems. It has to be reminded that the gas-sensing mechanism of metal oxide
materials is based on the reaction between the adsorbed oxygen on the surface of
the materials and the gas molecules to be detected. The state and the amount of
oxygen on the surface of materials are strongly dependent on the microstructure
of the materials, such as specific area, particle size, as well as the film thickness
of the sensing film. In order to obtain gas sensors with good performance, the
research is actually devoted to nanomaterials because they have high specific
area and contain more grain boundaries. The response of semiconductor oxide
gas sensor to the presence of a given gas depends on the speed of the chemical
reaction on the surface and the speed of diffusion of the gas molecules to that
surface which are activation processes, and the activation energy of the chemical
reaction is higher.

Great attention has been recently devoted to the fabrication of
nanocomposites containing ZnO and TiO, [12-15]. ZnO-TiO, system materials
were first used in the chemical industry as catalysts and color pigments, whereas
zinc titanates are good dielectric materials for microwave devices [16]. ZnO-
TiO, system materials are also reported for H,S, toluene and ethanol sensing
[17].
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In fact, implementation of TiO, materials with ZnO has often proved to
improve the photocatalytic properties of TiO, [12,18] and to promote some
anatase-to-rutile phase transition [19].

The phase transformation process from anatase to rutile has been widely
studied for both scientific and application-driven reasons because the TiO, phase
is one of the critical factors for many applications. In the calcination process, the
transformation from anatase to rutile took place above 600 °C.

Actually, the co-existence of the two phases due to the presence of dopant
hetero-atoms [19-21] appears particularly promising since it modifies the spatial
charge separation and reduces the recombination efficiency, hence improving
the photocatalytic performances [22]. In fact, under illumination of the mixed
phase TiO,, an electron is promoted into the lower energy rutile conduction band
and this photogenerated electron is transferred sequentially into trapping sites in
the rutile lattice, the anatase lattice the interface between the rutile and anatase
and the surface, and this reduces the recombination rate of ¢ and h' and
increases the synergistic effect between the anatase and rutile TiO, system.

In addition, ZnO hierarchical nanostructures are excellent sensors (i.e.
gas, humidity, UV) due to the enhanced surface interactions depending on a
more favorable surface to volume ratio than ZnO bulk and continuous
nanostructured films [23-27].

Many methods have been adopted to fabricate ZnO/TiO, nanocomposite
films and nanostructures [28]. Among them a combination of electrospinning
and hydrothermal method approach to synthesize ZnO/TiO, hierarchical
nanostructures has been recently proposed [29].

Nowadays, electrospinning represents an important edge over other
larger-scale nanofibers production methods. It allows the fabrication of
nanofibers from synthetic or natural polymers in a controlled manner with
dimensions down to a few nanometers, and functionalized by the addition of
drugs, or of semiconductor or catalyst nanoparticles. They can be employed in
numerous applications with great benefit. In fact, it allows customization of
nanofiber assemblies to meet the requirement of specific applications and an
performance enhancement. Electrospinning, in fact, represents an important edge
over other larger-scale nanofibers production methods [30]. It allows
customization of nanofiber assemblies to meet requirements for specific
application and performance enhancement.

Nanofibers fabricated via electrospinning have specific surface approxi-
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mately one to two orders of the magnitude larger than flat films, making them
excellent candidates for potential applications in sensors. Therefore, electrospun
nanofibers have been recently used as nanoplatforms for gas sensors and several
approaches have been adopted for functional activation of their surfaces [28-31].
Therefore, any effort to enhance the working surface area of the multifunctional
devices can successfully take advantages of three-dimensional (3-D)
nanostructured materials and hierarchical single crystal branches of smaller size
represent an effective approach for surface activation.

In this context, in this chapter we report on the successful fabrication and
full characterization of Zn doped TiO, electrospun nanofibers (herein d:TiO,)
shelled via MOCVD deposition with hierarchical ZnO nanostructures. The
present approach combines the flexibility of electrospinning to large-scale
production of ceramic nanofibers [32] with all the MOCVD benefits associated
with high reproducibility, easily controlled growth (largely proven on large
scale), short process times, quality grade crystallinity and elemental purity.
Presently, this strategy has been successfully tested for the reproducible
fabrication of standing alone doped TiO, (herein named as d: TiO,) as well as
for d:TiO, nanofibers shelled with ZnO hierarchical nanostructures (herein
d:TiO,-ZnO). The particularly favorable surface-to-volume ratio, due in turn to
the large density of ZnO single crystalline nanorods/nanoneedles on the shell
surface, promotes a remarkable cathodoluminescence emission in the UV and
green regions. The obtained nanoarchitectures result quite complex and therefore
a careful characterization of the Zn doped TiO, core, before and after the ZnO
external shell deposition, is also presented.

Main aim of this research field was: i) to find a simple strategy to prepare
core-shell TiO,-ZnO nanofibers; ii) to identify the issues that affect the
nanofiber characteristics in terms of structural and compositional properties. In
addition, the effect of Zn doping of the TiO, core has been investigated both in
regard to the ZnO shell growth as well as to study the effect on the anatase to

rutile transition and ZnTi0; formation.

Results and discussion

Uniform one-dimensional (1D) inorganic—organometallic  hybrid

nanofibers have been fabricated by electrospinning from alcoholic solutions of
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polyvinylpyrrolidone (PVP) and suitable alcoholic precursors of titanium (IV)
and zinc(Il) ions, namely Titanium tetraisopropoxide and Zn(tta)2-tmeda (Htta =
2-thenoyl-trifluoroacetone, tmeda=N,N,N’,N’-tetramethylethylendiamine) [32].
The relative atomic concentration of the Zn metal-organic precursor has been
varied from 3% to 15%.

Electrospun Zn doped TiO,/PVP nanofibers have been calcined in air at
500 °C for 3 hours to completely remove the polymeric component as well as to
promote the complete decomposition of Zn (II) metal-organic precursor inside
the nanofibers.

Figure 8.1 shows the SEM image of d:TiO, nanofibers, deposited on Si
substrate and calcined at 500 °C. It is clear that electrospun annealed material
consists of randomly oriented fibres with average diameter of 50 £ 30 nm. Large
interconnected voids are present among the fibres, thus resulting in a 3D porous

network.

Fig. 8.1: SEM image of the d:TiO, (Zn 3%) electrospun nanofibers

The related EDX analyses point to the presence of Zn heteroatoms with a
TiO,/Zn composition in the nanofibers well in agreement with nominal values
(Table 8.1).

Table 8.1: EDX analyses of the d:TiO, nanofibers

Nominal Zn/Ti% Zn/Ti at%
3% 3.1
5% 5.4
15% 14.8
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The bright field TEM image (Fig. 8.2 (a)) confirms the presence of
polycrystalline nanofibers having different size ranging from 20 to 100 nm. The
EF-TEM maps provide evidence of a homogeneous chemical distribution of
both Ti and Zn ions (Fig. 8.2 (b) and (c)) in agreement with the presence of well
distributed Zn dopant without aggregation of ZnO grains.

Figure 8.2: Bright field TEM image of the d:TiO, (Zn 15%) nanofibers (a); Energy Filtered TEM
maps of Ti (b) and Zn (c)

These findings match well XRD data of d:TiO, nanofibers (Fig. 8.3). In
fact, the obtained patterns show the sequence of broad peaks expected for the
pure anatase TiO, phase (JCPDS #21-1272) without any evidence of spectral
features that might be related to ZnO.
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Figure 8.3: XRD patterns of calcined (500 °C, 3 h) undoped TiO, and Zn doped TiO, electrospun

nanofibers
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One of the most important issues regarding Zn doping is related to the
position of Zn within the TiO, structure. Zn>" ion has an ionic radius value (0.74
A) that is not very different than that of Ti** (0.68 A), thus Zn could substitute Ti
without producing any important difference in the position of anatase phase
peaks in the XRD pattern. This is actually confirmed from Fig. 8.3, which shows
the same anatse peak positions for undoped and doped samples, even for the
highest dopant concentration (15%). All discussed points to the lack of any
crystalline ZnO precipitate inside the TiO, nanofibers, even after calcination at
500°C in air.

The XPS survey spectra (Fig. 8.4 (a)) of calcined d:TiO, nanofibers show,
in addition to Ti, O and C features observed in the undoped reference, the Zn
core level peaks. The undoped nanofibers present the Ti 2p doublet (Fig. 8.4 (b))
in the 458.9 — 464.6 eV range, with the spin orbit splitting (5.7 eV) in good
agreement with the Ti*" oxidation state [33]. Upon increasing the Zn content in
the nanofibers, this feature slightly moves towards lower binding energy [34].
Even more significant modifications are observed in the case of the O 1s peak
(Fig. 8.4 (c)). The undoped TiO, reference shows an asymmetrical and well
discernible broadening toward higher binding energy values that highlights two
rather resolved components centered at 530.3 eV and at 532.2 eV, respectively.
Literature data suggest that the former component represents the Ti-O bonds
while the latter component can be related to hydroxyl groups (OH) over the
nanofiber surface [35,36]. Upon increasing the Zn content in the nanofibers the
relative intensity of the latter feature increases thus pointing to a higher surface
hydroxylation [18].

Finally, the Zn 2p region (Fig. 8.4 (a)) shows the expected Zn 2p;,.12
doublet at 1022.0 eV and 1045.0 eV, respectively. The inferred spin orbit
splitting (23 eV) is indicative of a Zn>" ion. Chemical shifts associated with Zn
containing compounds are normally spread in a narrow range and therefore,
poorly suited for identification of the oxidation state. Nevertheless, the Auger
parameter (o) is indicative of chemical state. In the present case, the measured
Auger parameter (oo = 2010 eV) can be associated with Zn*" on the surface of
TiO, based nanofibers [37]. It, therefore, transpires that calcination at 500 °C
causes an exhaustive decomposition of the Zn precursor.

Table 8.2 collects the Auger parameters and atomic compositional data of
calcined d: TiO, nanofibers. Analytical data have been evaluated from XPS peak
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Figure 8.4: XPS surveys of calcined undoped TiO, and Zn doped TiO, electrospun nanofibers (a);
high resolution XPS spectra of Ti 2p (b) and O 1s (c) regions of calcined undoped
TiO, and Zn doped TiO, nanofibers.
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areas, corrected for their relative sensitivity factors. It becomes evident that the
Zn doping levels obtained from XPS are lower than the nominal values (the
latter confirmed by the EDX data, as shown in Table 8.1). Note that XPS results
refer to the surface composition and provide an indication of Zn surface
segregation inside the TiO, nanofibers, while the EDX data relate to the bulk
composition. The C content is mainly related to surface contamination that
results particularly significant due to the large surface to volume ratio of the
present system. In order to avoid any kind of fiber damaging, no sputtering has
been performed before XPS analysis. For the sake of completeness, the C
content associated with uncomplete precursor decomposition of as spun

nanofibers (not shown) is about 60%.

Table 8.2: XPS atomic compositional data of d:TiO, nanofibers and Zn Auger parameters

Nominal Zn% | Zn % | Ti% | O % | C %" | Zn o parameter (¢V)
3 2 20 58 20 2010.1
5 3 20 57 20 2010.3
15 8 16 55 21 2010.2

" The XPS spectra were recorded without any sputtering process, thus the C content arises from

surface carbon contamination.

Present d:TiO, nanofibers have been used as template (thus benefitting of
their flexibility, self standing properties and high surface-to-volume ratio) to
produce core-shell hierarchical d:TiO,- ZnO nanoarchitectures via MOCVD.

In this perspective, undoped and the d:TiO, (Zn 5%) nanofibers have been
annealed at 600°C under reduced pressure O,-Ar atmosphere. XRD studies have
given insights on the role played by the dopant on the anatase-to-rutile transition.
In Figure 8.5, the XRD diffraction pattern of undoped TiO, nanofibers is
compared with that of the d:TiO, (Zn 5%) sample. The presence of the rutile
most abundant peak at 20 =27.48° (JCPDS #73-1765) in the d:TiO, pattern
indicates that Zn doping induces the anatase to rutile transition already at 600
°C. This finding is in accordance with data previously reported which discuss
that aliovalent dopants have an important effect on the formation of defect
microstructures and metastable phases in titanium dioxide [19,20]. Therefore,

the ZnO external shell growth will take place on a two phase anatase-rutile com-
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posite nanofibers.
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Figure 8.5: XRD patterns of annealed (600°C, 1 h, O,/Ar) TiO, and Zn doped TiO, nanofibers

The calcined electrospun d:TiO, nanofibers represent suited nanoplat-
forms for fabrication of hierarchical ZnO nanostructures via MOCVD. The ZnO
shell nanostructures have been deposited at 600 °C for 60 min on undoped and
d:TiO, nanofibers. SEM micrographs (Fig. 8.6 (a-d)) provide evidence of
surface hierarchical ZnO nanostructures. Decoration over the nanofibers

generally consists of nanograins or shorter nanorods.

Figure 8.6: SEM images of core-shell TiO,-ZnO nanofibers (a); d:TiO,-ZnO nanofibers (Zn 3%)
(b); d:Ti0,-ZnO (Zn 5 %) nanofibers (c); d:Ti0,-ZnO nanofibers (Zn 15%) (d). The
decorating ZnO shell is deposited by MOCVD at 600°C for 60 min
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The XRD patterns (Fig. 8.7) of the d:TiO,-ZnO core-shell nanofibers
provide evidence of formation of polycrystalline ZnO (JCPDS # 36-1451) and,
of the anatase to rutile transition promoted by ZnO doping level [18,38]. In
addition, interaction of ZnO shell and TiO, core gives rise to a sizeable
formation of a mixed ZnO-TiO, phase (Ecandrewsite JCPDS # 26-1500) and of
Zn,TiO4 (JCPDS # 25-1164).

E.T E: Ecandrewsite
7 A: Anatase
ZR R: Rutile ]
1 Z: ZnO wurtzite
E T: Zn,TiO,

Intensity (a.u)

20 25 30 35 40 45 50 55 60 65
26 (degrees)

Figure 8.7: XRD patterns of the d:Ti0,-ZnO nanofibers

Longer deposition times (90 vs. 60 minutes) cause the growth of thin and

longer nanoneedles (Fig. 8.8).

Figure 8.8: SEM images of d:TiO,-ZnO (Zn 3%) nanofibers. The decorating ZnO shell is
deposited by MOCVD at 600°C for 90 min

Both nature and architecture of such nanofibers have been proved by
TEM investigation (Fig. 8.9). Contrast evaluation indicates that core nanofibers

are certainly polycrystalline in accordance with XRD data with a mean 20 - 30
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nm grain size. Hierarchical ZnO nanoneedles are by contrast monocrystalline
with tip dimension ranging from 8 to 20 nm. The chemical oxygen map shows a
homogeneous intensity distribution. By contrast, the Ti and Zn maps provide
clear evidence that the Ti atom is present only on the main body while Zn is
distributed on the main nanofiber and the external nanoneedles. It must be noted
that the Zn L edge associated with the central nanofiber can be due to both the
MOCVD ZnO decoration as well as to the Zn doping of the TiO, nanofibers.

Figure 8.9: Bright field TEM image of core-shell d:TiO,-ZnO (Zn 3%) nanofibers. The decorating
ZnO shell is deposited by MOCVD at 600 °C for 90 min (a); Energy Filtered TEM
maps for O, Ti and Zn. Bar is 100 nm

Further insights on the MOCVD deposited ZnO nanoneedles have been
obtained by high resolution TEM imaging (Fig. 8.10). The HR-TEM image
points to the formation of ZnO single crystal nanoneedles, while the reduced
Fast Fourier Transform (FFT) image (inset of Fig. 8.10) shows that the lattice
spacing (5.16 A) along the c-axis indicates the [0001] as the direction growth of
ZnO nanoneedles.
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Figure 8.10: High Resolution TEM image of core-shell d:TiO,-ZnO (Zn 3%) nanofibers and the
corresponding reduced FFT image (inset)

Optical properties of the present nanostructures have been also studied by
cathodoluminescence. Spectra of the TiO, and d:TiO, nanofibers, before and
after ZnO MOCVD decoration, are reproduced in Figure 8.11. Before ZnO shell
deposition, the spectra of the TiO, and of d:TiO, nanofibers are characterised by
the green broad emission band, centered around 550 nm, that relates to surface
defects of TiO, [39]. This band shifts to 500 nm in the core-shell d:TiO,-ZnO
nanofibers mainly due to ZnO surface intrinsic defects [40,41].

Different mechanisms have been proposed to explain the origin of the
ZnO green emission band. In particular, a strong correlation between the green
emission, the free-carriers concentration and the density of singly ionized
vacancies in commercial ZnO phosphor powders has been often highlighted [42-
45]. The green emission in ZnO phosphors is thus resulting from recombination
of one electron in singly occupied oxygen vacancies with photoexcited holes in
the valence band [46]. Moreover, the cathodoluminescence experiments on core-
shell d:TiO,-ZnO provide evidence of a relatively sharp ultraviolet (UV)
emission peak centred at 383 nm, corresponding to the near band edge (NBE)
emission of ZnO crystal. This band can be attributed to the recombination of free
excitons [47]. It is known that the band edge emission of semiconductors
strongly depends on the quality of the crystal. In the present case, this ultraviolet
band is present in the spectrum of core-shell d:TiO,-ZnO hierarchical
nanofibers, where the presence of monocrystalline ZnO nanoneedles has been
unambiguously confirmed by TEM analysis (Fig. 8.10). The intensity of the UV
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emission is strongly influenced by the material crystallinity, by the
correspondent decrease of impurities and structural defects, as well as by the
diameter of emitting nanowires [43, 48-51]. It therefore transpires that the
present green emission band intensity observed in the core-shell d:TiO,-ZnO
hierarchical nanofibers, can be correlated to the high surface-to-volume ratio and

to the related existence of large quantities of oxygen vacancies within the shelled

layers.
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Figure 8.11: Cathodoluminescence spectra of TiO, and d:TiO, (Zn 3%) electrospun nanofibers

compared with the spectrum of core-shell d:TiO,-ZnO (Zn 3%) nanofibers, obtained
by depositing the ZnO external shell by MOCVD at 600°C/90 min

To conclude, Zn doped TiO, (d:TiO,) electrospun nanofibers have been
used as template platforms to grow, via a MOCVD route, hierarchical ZnO
nanoneedles/nanorods. Integration between electrospinnng and MOCVD process
has proven a successful new approach to fabricate heterostructures of highly
crystalline ZnO nanostructures and d:TiO, anatase/rutile nanofibers. It benefits
of all the advantages of a robust, well reproducible and easily scalable deposition
process. Moreover, the appropriate choice of MOCVD operating conditions
allows tailoring of the crystalline and morphological structure of the composite

nanofibers, thus promoting the anatase to rutile TiO, transition and/or

controlling the morphology of the external shells.

159



Chapter 8 [1Fabrication of hierarchical core-shel TiO»-ZnO nanostructures

The nanostructured d:TiO,-ZnO nanofibers have an hydroxyl rich surface

and show intense emissions in the UV-VIS regions, thus representing a

potentially appealing system for a wide variety of technological fields such as

photocatalysts, sensing and optical devices. Work is in progress to extend the

electrospinning/MOCVD process integration in the perspective of a suited

control of process parameters vs sensing abilities of these d:TiO,-ZnO core-shell

nanofibers.
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9. Concluding remarks

The controlled synthesis of nanostructured materials with synthetically
tuned structure, size, and morphology represents a significant advance towards
the understanding of the fundamental physics and chemistry of nanoscale
materials as well as practical applications.

ZnO nanostructures have provided significant insight into the world of
nanoscience and nanotechnology. In particular, one-dimensional ZnO
nanostructures have great potential applications in many advanced nano-
technological fields and thus it is very important to realize the controllable
growth of one-dimensional ZnO nanostructures and investigate their properties.
More specifically, the nanoscale science and engineering have found great
promise in the fabrication of novel nano-biosensors with faster response and
higher sensitivity than of planar sensor configurations. Therefore, one of this
thesis aim is devoted to synthesis and characterization of ZnO nanostructures for
the detection of chemical/biological species.

Specially nanowires/nanorods and due to their small dimensions
combined with dramatically increased contact surface and strong binding with
biological and chemical reagents will have important applications in biological
and biochemical research. ZnO nanostructures have unique advantages including
high surface to volume ratio, nontoxicity, chemical stability and more
specifically, due to their low solubility at biological pH-values represent a valid
example of biocompatible inorganic surface.

The main points of this thesis are not only to successfully realize the
controllable growth of ZnO nanorods, nanoplatforms and TiO,/ZnO
heterostructures, but also investigate the structure, optical properties and sensing
properties by means of scanning electron microscope (SEM), transmission
electron microscope (TEM), photoluminescence (PL), X-ray photoelectron
spectroscopy (XPS), X-ray Diffraction (XRD), Atomic Force Microscopy
(AFM) and confocal microscopy.

Depending on the growth strategy chosen, i.e. Metal-Organic Chemical
Vapor Deposition, Chemical bath deposition or hybrid integrated approaches
with Nanosphere Colloidal Lithography and Electrospinning, nanostructured

films, nanorods, nanowires, patterned ordered arrays and hierarchical
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nanostructures have been grown on various substrates including Si (100), glass
and quartz substrates. It is demonstrated that rational tailoring of deposition
procedure may lead to optimal growth and crystallinity.

It is established that the growth of ZnO nanostructures can be controlled
by various parameters including time and temperature. It is shown that the
growth temperature, herein ranging from 70 °C to 700 °C according to the
chosen synthetic strategy, is crucial to control the ZnO nanostructure
crystallinity and morphology. MOCVD growth at temperatures above 600 °C
leads to the formation of short nanorods. Metal-organic silver catalyst has been
proven effective to promote a 30-fold enhancement of growth rate at higher
temperature (from nanostructured film to nanobundles) and a more limited
growth at temperature < 400 °C. The use of mild deposition conditions is
indicated for an effective integration with colloidal lithography to obtain
Zn0O/Si0, nanoplatforms. However, this strategy results in complex procedure
with many parameters to control (catalyst concentration, annealing condition,
catalyst deposition strategy and ZnO growth process parameters) in order to
obtain uniform patterned array. Therefore, catalyst-free low temperature (300 -
400 °C) MOCVD growth was developed.

Chemical bath deposition was chosen as an alternative approach to
MOCVD technique allowing drastically decrease deposition temperature to 70
°C. In our study we found that seed layers deposited at 500 °C/30 min to be the
best optimum growth conditions to promote nucleation and growth of ZnO
nanostructures in solution with preffered c-axis orientation. To note, one of the
major drawbacks is that the solution growth requires highly crystalline seeds
often produces by vapor phase growth which prevents it to be used in flexible
device technologies. Although it is demonstrated that highly oriented ordered
ZnO nanorod arrays were fabricated on MOCVD-grown seed layers, the
“solution” approach might benefit from use of seed layers obtained from
solution approaches (i.e. Zn acetate hydrolysis and low temperature annealing)
to promote the growth.

We achieved the fabrication of hybrid ZnO nanohole arrays combining
CBD method with soft lithographic approach, where ZnO nanotubes and
nanorods forming “nanobowl” were grown on the ZnO seed layer.

Combination of ZnO deposition approaches (MOCVD, CBD and hybrid
MOCVD-CBD process) with colloidal lithography results in high surface areas
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hybrid nanoplatforms whose chemical and/or topographical patterning strongly
affects the interaction with model biomolecules (proteins).

Part of the thesis, in fact relates specifically to biosensor technology and
pertains more particularly to novel biosensors based on multifunctional ZnO
nanorods for biological, biochemical and chemical applications. The presented
approach appears to be very promising for biomolecular detection applications
(based on fluorescence enhancement). Additionally, the morphological/chemical
patterning of these ZnO—-SiO, nanoplatforms can be easily tailored by sizing of
the 2D vs. 3D patterning design, which in turn is accomplished by the fine
tuning of the integrated colloidal lithography—chemical  vapor
deposition/chemical bath deposition processes.

Finally, it has been shown how the development of high surface area
nanostructures would also benefit from merging electrospinning technique with
commonly used ZnO growth strategies. Zn doped TiO, nanofibers shelled with
ZnO hierarchical nanoarchitectures have been fabricated combining
electrospinning of TiO, (anatase) nanofibers and metal-organic chemical vapor
deposition (MOCVD) of ZnO. The proposed hybrid approach has proven suited
for tailoring both the morphology of the ZnO external shell as well as the crystal
structure of the d:Ti0O, core.

During the core-shell d:TiO,—ZnO nanofibers fabrication, the presence of
Zn dopant promotes the anatase to rutile phase transformation. The relative
anatase/rutile ratio depends upon Zn content inside the anatase nanofibers. The
structural characterization shows in addition to the presence of anatase, rutile
and ZnO features, peaks arising from a TiO,-ZnO phase (ecandrewsite) and
Zn,TiOy4, thus resulting in a nanocomposite architecture. These hierarchical
nanoarchitectures exhibit a marked CL phenomenon of UV and visible emission.
The obtained results are, thus, encouraging to propose the present approach as
effective strategy to fabricate multiphase core-shell TiO,-ZnO nanofibers that
may represent promising materials for sensing applications.

To conclude, understanding of physical and chemical mechanisms of the
growth will benefit the development of multifunctional material. Furthermore,
there is much more to understand regarding ZnO-protein interaction, such as
adsorption mechanism, orientation of the protein on the surface, use of other bio-
analyte systems and integration challenges into commercial devices. However,
despite the remaining questions, ZnO nanostructures due to its ease of

fabrication in various shapes, reduced dimensionality, high aspect ratio,
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chemical stability and biocompatibility can become an essential component in
commercial device applications, especially as sensing material for biological and

chemical sensing devices.
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