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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Nanotechnology and nanowires

In 1999 chemist and Nobel Laureate Richard Smalley stated: “Just wait, the next century is
going to be incredible. We are about to be able to build things that work on the smallest possible
length scales, atom by atom. These little nano things will revolutionize our industries and our

lives” [1].

Nanostructured materials also known as nanomaterials are materials which have relatively
dimensions in nanometer length scales and exist in in the mesoscopic regime among isolated
atoms or molecules and bulk matter. A nanometer, 10° m, is approximately ten times the size
of smallest atoms, like hydrogen and carbon, although a micron is hardly greater than the

wavelength of visible light and hence invisible to the human eye.

The foundation of nanoscience and nanotechnology is nothing but the nanoscale materials.
They have become one of the most popular research topics in a very short period of time. The
intense interest is fueled by the tremendous economical, technological and scientific impact

foreseen in several areas:

e the capacity and speed of semiconducting chips exponentially grow form the key
components that fundamentally assist all present technology and quickly approaching
their limit of art and demands novel technology and innovative materials science in
nanometer scale;

e new nanoscale materials and devices hold great potential in environmental, energy,

biomedical and health sciences in the effective application of energy sources, efficient
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environmental hazards treatment, precise detection and diagnosis of human diseases and
better-quality treatment of those diseases;

e the reduction of material’s dimension to nanoscale make significant change in its
properties from the bulk material although the composition is more or less the same.
Therefore, they are demonstrated to be a platform for great scientific findings and

investigations [2].

The considerably diverse physical properties of the nanomaterials have been attributed to their
specific structural features among the isolated atoms and the bulk materials [3]. Quantum
confinement is the most popular term in the nano-world due to the changes in the atomic
structure as a result of the direct influence of the ultra-small length scale on the energy band
structure. These exceptional properties of the nanoscale materials may be attributed to the

changes in the total energy and structure of the system [4, 5].

But even when quantum confinement is not obtained, nanostructured materials can show
peculiar properties, once again in strong correlation with their size in nanometer scale and
mainly due to the large influence of surfaces. Surface to volume ratio is, indeed, huge in these
materials and generally it has extraordinary effects on their physical properties.

At nanoscale dimensions the normally collective electronic properties of the solid become
severely distorted. The main implication of such confinement is the change in the system total
energy; and hence the overall thermodynamic stability [4]. As the chemical reactivity is a
function of system structure and occupation of outermost energy levels, it will be significantly
affected at nanoscale leading to an equivalent change in their physical properties. While the
increase in surface area and the surface free energy lead to a reduction in the interatomic
distance for metals, the opposite was reported for the semiconductors and metal oxides. A major
feature that discriminates various types of nanostructures is their dimensionality. Synthesis of
size and shape controlled nanostructures, their self-assembly, properties and possible
applications are under rigorous research. Realizing the importance of nanotechnology, state of
the art technology centers with excellent processing, characterization and device fabrication
facilities are being developed [4]. It is well understood that in order to realize the full potential,
evolutional progress and revolutionary breakthrough of nanoscale materials are needed in the
fabrication and synthesis of nanostructures, and in the understanding of the fundamental

properties of such materials.
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In past few decades, specifically since the nanotechnology initiative led by US, study of one
dimensional (1D) nanostructured materials has become a principal concept in application
oriented nanoscience and nanotechnology. The size reduction along with innovative electrical,
chemical, mechanical and optical properties is widely supposed to be the outcome of surface
and quantum confinement effects. Nanowire-like structures are the epitome system to
understand the transport process in 1-D confined objects are of benefit not only in studying the
vital phenomena in low dimensional structures, but also for emerging new group of nanodevices

having extraordinary performance [6].

It is generally accepted that one dimensional nanostructures provide a good system to
investigate the dependence of electrical and thermal transport or mechanical properties on
dimensionality and size reduction. They are also expected to play an important role as both
interconnects and functional units in fabricating electronics, optoelectronics, electrochemical,

and electromechanical devices with nanoscale dimensions.

Initially the development in the field of one dimensional nanostructures with respect to
quantum dots and wells was slow due to difficulties associated with the synthesis of one-
dimensional nanostructures with controlled morphology, purity and chemical composition.
There were several issues related to the fabrication of such one-dimensional nanostructures.
Since past decade, a variety of synthesis methods have been used for the synthesis of such

nanostructures [5].

Nanowires (NW) are hair-like, one-dimensional (1D) nanomaterials with diameters smaller
than one hundred nanometers and lengths ranging from several hundreds of nm to as high as a

few cm.

In this size range quantum confinement is often not achieved and in some case, to differentiate
among nanowires with and without this property, the term “quasi-one-dimensional” (“quasi-
ID” or “Q1D”) is used. Quasi-1D nanostructures are, hence, all those nanostructure like
nanowires in which is not present any quantum confinement effects but unique properties,
strongly different from those of the corresponding bulk materials, are strictly correlated with

their size in the nanoscale.
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The diameter of nanowires range from a single atom to a few hundreds of nanometers with the
length varies from a few atoms to many microns. Depending on their aspect ratio, cross-section
shape and other, the term “nanowire” generally resume a wider range of different names and
nanostructures reported in literature such as whiskers, fibers, 1D structures ranging from several
nanometers to several hundred microns, nanowires-wires with large aspect ratios (e.g. >20),
nanorods-wires with small aspect ratios, nanocontacts-short wires bridged between two larger

electrodes, nanobelts or nanoribbons with rectangular shape, vertically standing nanopillars, etc

[5].

Their linear geometry on the nanometer scale provides an extremely high surface area with a
nanoscale radius of curvature and great mechanical flexibility with near theoretical strength.
These properties are advantageous in many chemical and mechanical applications. The
geometry also provides anisotropic properties that should be interesting from the point of view
of nanomaterials science and engineering. Their length, sometimes reaching as high values as

the cm scale, makes them easy to be manipulated for device fabrication.

The physical and chemical conditions of nanowires govern their optical properties. The length,
diameter and alignment of nanowires influence the emission and absorption properties. The
critical factors in the emission and/or stimulated emission and absorption composition includes
the impurity, doping level, defect concentration, crystal structure, growth direction, and nature

of the facets.

Nanowires are also found to be favorable materials for progressive optoelectronics. The
physical, chemical and mechanical properties play a major role in addition to the size of these
materials comparable to visible light in wavelength from 400 to 650 nm. This suggests that
nanowires could be employed to handle light on a nanometer scale and hence, might be used as

constructing blocks in the field of advanced optoelectronics.

Semiconductor nanowires denote a significant and highly flexible nanometer-scale wire
structure. Nanowire-based electronic devices find many applications and became a hot topic of
research. With respect to nanotubes, semiconductor NWs could be predictably and reasonably
grown in single-crystalline form and can be well-controlled during synthesis in chemical

composition, diameter, length and doping/electronic properties [7].
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Semiconductor nanowires (NWSs) have been assembled into a series of electronic electronics
devices such as crossed NW p-n diodes, crossed NW-FETSs, nanoscale logic gates and
computation circuits, optoelectronic devices, etc. More general applications of them include
interconnects for nano-electronics, magnetic devices, biological labels, chemical and biological
sensors. There are many reliable methods existing for their parallel assembly. It is also possible
to combine distinct nanowire building blocks in ways not possible in conventional electronics.
Hence, nanowires represent the best-defined class of nanoscale building blocks and this precise
control over key variables has correspondingly enabled a wide range of devices and integration

strategies to be pursued.

Different techniques have been developed in the synthesis and formation of 1-D nanostructured
materials. Nanowires are a result of anisotropic, 1D crystal growth on a nanometer scale.
Therefore, the key issue related to the growth of nanowires is how to induce 1D crystal growth
in a controlled manner. Regarding this, many approaches have been studied and can be

generally classified into four sections [8]:

e Spontaneous growth: Evaporation condensation, Dissolution condensation, Vapor-
Liquid-Solid growth (VLS), Stress induced re-crystallization

e Template-based synthesis: Electrochemical deposition, Electrophoretic deposition,
Colloid dispersion, melt, or solution filling, Conversion with chemical reaction

e Electro-spinning

e Lithography

The first three sections are considered as bottom-up approach while lithography is a top-down

approach.

In the top-down approach, small features are patterned in bulk materials by a combination of
lithography, etching and deposition, to form functional devices. The top-down approach has
been unexpectedly successful in many venues, with microelectronics being perhaps the best
example today. While the technique developments continue to push the resolution limits of the
top-down approach, these improvements in resolution are associated with a near exponential
increase in the costs associated with each new level of manufacturing facility. This economic
limitation and other scientific problems with the top-down approach have motivated efforts

worldwide to search for new strategies to meet demand for nanoscale structures.

10
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The bottom-up approach represents a powerful alternative to conventional top-down methods.
In the bottom-up approach functional electronic structures are assembled from chemically
synthesized, well-defined nanoscale building blocks, much like the way nature uses proteins
and other macromolecules to construct complex biological systems. So, in this approach
lithography is substituted by nanometer-scale synthesis and assembly. This self-assembling
approach is generally less expensive and more streamlined, in comparison with the top-down

one, if the nanostructure complexity is not too high.

In bottom-up approach, the most important issue that one has to consider during the
development of a synthetic method to grow nanostructures is the simultaneous control over

morphology/shape, dimensions and monodispersity/uniformity.

In some cases the intrinsic anisotropy of a solid crystal structure or the right supersaturation
parameters may be sufficient to accomplish a 1D vapor-solid (VS) or liquid-solid (LS) growth
(Figure 1a) [9-11]. Otherwise, a liquid droplet of a catalytic element/compound may be used to
strongly alter the growth symmetry by the introduction of a preferential direction in the vapor-
liquid-solid (VLS) crystallization (Figure 2b) [12-16].

A different approach, instead, is to force and direct the formation of 1D-nanostrucure using
various external templates [17-19]. Common templates employed in this techniques are, for
example, the anodic alumina membranes (Figure 2c). Also carbon nanotubes have been used
as templates to obtain small nanorods [20, 21]. A similar result may be also obtained using
“capping reagents” (generally surfactant molecules) that, driven by hydrophilic/hydrophobic

interactions and steric hindrance, organize themselves in tubular shapes (Figure 2d) [22, 23].

In both cases the crystallization takes place inside the available linear cavity and, at last, the
templates or the “capping reagents” are chemically or physically removed. The major
drawbacks of this method are: (i) the nanostructures generated using template method are often
polycrystalline; (ii) the quality of structures that can be produced in each run of synthesis is
relatively limited; (iii) grown nanostructures must be resistant to the physical or chemical

methods used to remove the template.

11
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Figurel. Schematic illustrations of six different strategies to achieve 1D growth (a) dictation by
anisotropic crystallographic structure of a solid, (b) confinement by a liquid droplet as in VLS growth,
(c) template assisted growth, (d) kinetic control provided by a capping reagent, (e) self-assembly of
0D nanostructures and (f) size reduction of 1D microstructure (image from Ref. [5]).

12
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Alternatively, for some materials it is possible to achieve a 1D-nanostructure by the self-
assembly of zero-dimensional (OD) nanostructures, following a polymerization-like process
(Figure 2e). Self-assembly has been extensively explored for generating complex

nanostructures on various scales [24, 25].

Sometimes also techniques that combine bottom-up and top-down techniques are used, like
anisotropic etching of a single crystal or near-field optical lithography with a phase shift mask
(Figure 2f) to reduce the lateral dimension of one-dimensional structures from 1-10 um to the
regime <100 nm [26,27].

Among the above techniques, for this thesis work the attention has been focused on self-
assembly vapor-solid growth mechanism and vapor-liquid-solid growth technique, which are

widely used for zinc oxide and silicon carbide nanostructure.

13
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1.2 Thesis description

Out of a short introduction about nanotechnology and nanowires, this Thesis is basically divided

in three parts:

e Chapter 2 is an overview chapter, describing the state of the art, the important properties of
Zn0 and SiC nanostructures and their main applications in different fields such as sensing,
biomedical, opto-electronics, nano-electronics, energy harvesting and others possible
applications;

e Chapter 3 describes the exploited experimental methods, i.e. (i) growth mechanisms (more
specifically vapor-solid and vapor-liquid-solid mechanism), (ii) vapor phase synthesis
techniques (in particular Chemical Vapor Deposition and Vapor Phase Epitaxy), and (iii)
characterization techniques for morphological, structural and optical study of the obtained
nanostructured materials;

e Chapter 4 resumes main experimental results and the related discussions for each of the four

main growth topic faced during this Thesis work.

Finally in Chapter 5 conclusions and future perspectives are provided.

More in details, this Thesis deals with the synthesis of semiconductor nanowires, which is today
an important research topic and it is studied intensively worldwide for a wide spectrum of
materials. Such low-dimensional nanostructures are indeed not only interesting for fundamental
research, due to their unique structural and physical properties, but also for their fascinating
potential in future concrete technological applications. So, deeper understanding and sufficient
control of the growth of nanowires became one of the main goals for current research [28, 29].
The target of the Thesis work is the optimized synthesis of zinc oxide (ZnO) (Chapters 4.1 and
4.2) and silicon carbide (SiC) (Chapters 4.3 and 4.4) nanowires exploiting spontaneous growth

process from vapor phase, such as vapor-solid (VS) and vapor—liquid-solid (VLS) techniques.

ZnO is one of the most interesting wide band-gap semiconductor material because of its

physical and chemical properties [30]. MOreover, it is well known that high n-type conductivity

14
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can be achieved by alloying zinc oxide with group I11 elements (such as Al, In or Ga) in ternary
or even quaternary oxide compounds, in order to obtain transparent conducting oxides (TCOs)
[31]. The first part of experimental results concern the synthesis of vertically aligned ZnO
nanowires (or “nanorods”) and the synthesis of ternary Zn(In,Ga,Sn)O oxide nanowires (or

“nanorods”).

Chapter 4.1 describes the synthesis of vertically aligned ZnO nanowires. Synthesis of
vertically aligned ZnO nanowires has been always very challenging for device fabrications. It
was already suggested that control over the dimension, composition, position, orientation,
reproducible and large-area growth processes of the ZnO nanostructures plays a very crucial
role in the development of novel devices [32, 33]. Considering this challenge, solution-free and
catalyst-free growth of vertically aligned ZnO nanorods using thermal CVD reactor at relatively
low temperature (< 500 °C) have been systematically studied as a function of growth conditions
(such as Zn evaporation, growth time, growth temperature, gas carrier flow, gas carrier to
oxygen concentration, seeding film grain size, etc.). Different TCOs films such as Al-doped
ZnO films deposited by PED, RF-sputtering techniques and ITO were considered for the growth
as starting seeding-layers for the nanorods. The aim of the work was mainly focused to obtain
a reproducible and large-area growth of vertically aligned nanorods on TCO substrates while
controlling their thickness and length. The structural morphology of the different TCO
substrates and that of the grown ZnO nanorods have been analyzed and correlated with the help
of XRD, AFM and SEM investigations.

Chapter 4.2 describes the growth of nanowires of ternary (In/Ga/Sn)ZnO oxides. The
introduction of a third element into ZnO nanostructures can give rise to dramatic changes in
their morphologies and properties. In particular high n-type conductivity or other strong
modifications of the conductivity properties can be achieved by alloying zinc oxide with group
I, 1V, V elements (such as Al, In, Ga, Sn or Sb) in ternary or even quaternary oxide compounds
[34, 35]. For this reason, the synthesis of nanowires of ternary oxide compound based on ZnO
have been taken into consideration. In this chapter of Thesis the achievements of the previous
experiments on ZnO nanowires have been exploited and extended to grow indium zinc oxide
(1ZO) nanowires, with an indium concentration larger than 1% (that is the concentration
required to get metallic behavior) at temperatures lower than 500°C. The growth of these

ternary oxide nanostructures was obtained at relatively low temperature, starting from the

15
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corresponding metals, thanks to the direct deposition on the growth substrate of an In layer,
which in its molten state and upon mixture with Zn acts as growth seed. Since the obtained
indium concentration corresponds to the value required to get metallic behavior and make this
ternary oxide a TCO (transparent conducting oxide), while the used temperature range makes
it compatible also with commercial glass substrates. The possibility to use the same technique
to growth nanowires of a wider family of ternary oxides such as GaZnO, SnZnO were also

tested and discussed.

Among many kind of wide band-gap semiconductor, also SiC is very important, exhibiting
excellent, unique physical and mechanical properties at nano-scale. All these properties give it
a great potential for being used as building blocks in different applications in nano-electronics
and nano-optoelectronics [36]. SiC biocompatibility and inertness can be also exploited for
biomedical applications [37]. In this second part of results two types of SiC nanowires have
been synthesized using vapour-liquid-solid growth technique: cubic (3C) SiC nanowires and

SiC/SiO; core/shell nanowires.

Chapter 4.3 describes the growth of cubic (3C) SiC nanowires. Single crystalline 3C-SiC
nanowires on a Si substrate have been shown to possess visible photoluminescence at room
temperature and blue shift effect depending on the diameter of nanowires [38]. Moreover, 3C-
SiC nanostructures are favorable candidate in biology and medicine as well, thanks to their
excellent biocompatibility, especially blood compatibility, low density and high rigidity [39].
For all these reasons, the synthesis of cubic SiC nanowires have been considered. In the
presented work, 3C-SiC nanowires were successfully grown using home-made induction-
heated Vapor Phase Epitaxy (VPE) reactor using silane and propane as precursor through VLS
growth mechanism on Si (100) and Si (111) substrate, using nickel (Ni) and iron (Fe) as a
catalysts. The main aim of this work was the optimization of growth conditions to obtain SiC
nanowires with Ni and Fe catalysts. The size and shape of the nanowires has been controlled
by means of temperature and gas flow rate. The as grown samples were deeply characterized

with morphologic and structural investigations.

Chapter 4.4 describes the growth of SiC/SiO2 core/shell nanowires. Radial core-shell

heterostructures offer the possibility to deeply change the physical and chemical properties of

16
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the core due to the presence of the shell [1]. In particular, semiconductor (SiC) nanowires coated
with dielectric (SiO2) layers form cable-like nanostructures in which the SiO> shell favors well
established surface functionalization techniques for several potential applications in fields such
as nano-electronics, opto-electronics, nano-medical etc. [36,37]. For this reason, growth of
SiC/SiO2 core/shell nanowires have been considered. In this work, the main focus was to
synthetize self-assembled SiC core with coaxial SiO shell nanowires by means of Ni and Fe
catalyst assisted VLS growth in conventional CVD system. The growth conditions were
optimized for both catalysts, studying the role of growth temperature, gas flow rate, and
substrates in the growth mechanism. The grown nanowires are the basis for functionalized
system for different nano-medical applications, such as targeted therapy against deep tumor

cells.

The presented results are the outcome of a large and systematic experimental work | personally
carried out at IMEM-CNR, especially from the synthesis point of view. The growth of ZnO
nanowires has been developed under the supervision of Dr. Andrea Zappettini and Dr. Davide
Calestani, while the growth of SiC nanowires has been developed under the supervision of Dr.
Giancarlo Salviati and Dr. Giovanni Attolini.

The characterization of the obtained nanostructures has been performed thanks to the
collaboration with colleagues of IMEM-CNR or members of the NANOWIRING Network. In
particular SEM characterization has been done partially by myself and partially in collaboration
with Dr. Davide Calestani, Dr. Filippo Fabbri. TEM and EDS characterizations were instead
performed in collaboration with Dr. Laura Lazzarini and Dr. Francesca Rossi. Luminescence
characterization has been done by means of different apparatus: photoluminescence spectra
were collected in collaboration with Dr. Andrea Zappettini and Dr. Marco Villani,
cathodoluminescence spectra in collaboration with Dr. Filippo Fabbri and, while PL on single
nanostructures was performed at University of Valencia in collaboration with the Group of Dr.
Nuria Garro. | personally spent one month in this Nanowiring Group in Valencia in order to
have a deeper formation on Raman optical characterization collaborationg with the Nanowiring
PhD student Albert Minj. TCO films used for the experiments were instead provided by Dr.
Stefano Rampino, Dr. Francesco Pattini and Dr. Francesco Bissoli, from IMEM-CNR group of
Dr. Edmondo Gilioli.
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Chapter 2

ZnO and SiIC nanowires

2.1 ZInc oxide nanowires

2.1.1 Zinc oxide properties

Zinc oxide (ZnO) is a unique material that exhibits semiconducting as well as piezoelectric
properties. It is an important semiconductor material because of its wide band-gap (3.37 eV at
room temperature), large exciton biding energy (60 meV), and high optical gain. In addition,
ZnO crystal cell has a lack of centrosymmetry, which results in a piezoelectric property, by
which a mechanical stress/strain can be converted into electrical voltage, and vice versa,
owing to the relative displacement of the cations and anions in the crystal [1]. ZnO is also an
excellent material for sensor applications and, finally, it is a non-toxic, bio-safe and

biocompatible material.

Then, this versatile functional material can be obtained in form of nanostructures with an
exceptional variety of growth morphologies (Figure 1), such as nanowires, nanobelts,
nanotetrapods, nanorods, nanocombs, nanorings, nanohelixes/nanosprings, nanocages, etc.
[2]. Quite often, to simplify this chaotic and not always self-consistent nomenclature, the term
“nanowires” is used to indicate any quasi-1D nanostructure such as wires, shorter rods, belts,
etc.; the same will be done in this chapter. These different ZnO nanostructures can be easily
synthesized by different growth techniques, some of which are cost-efficient and compatible

with cheap substrates, such as glass and silicon.
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The combination of all these properties and its availability in form of several nanostructures
make ZnO one of the leading materials in today’s nanotechnology research.

Figure 1. An example of different kinds of morphologies for ZnO nanostructures grown at IMEM-
CNR laboratories.

2.1.1.1 Basic properties and crystal structure

Zn0O is a II-VI group compound semiconductor with a wide array of distinctive properties. It
is a n-type semiconductor, with a wide direct bandgap, a high exciton binding energy and
large piezoelectric constant. It is transparent in visible region with strong absorption in the
UV-Blue region of the electromagnetic spectrum. Most of the 11-VI binary compound
semiconductors crystallize in either cubic zinc blende or hexagonal wurtzite structure, where
each anion is surrounded by four cations at the corners of a tetrahedron, and vice versa. This
tetrahedral coordination is typical of sp® covalent bonding nature, but these materials also
have a substantial ionic character that tends to increase the bandgap beyond the one expected

from the covalent bonding.

Wourtzite zinc oxide has a hexagonal structure (space group Cémc) with lattice parameters a =
0.3296 and ¢ = 0.5206 nm and it is the most stable phase for this material. The structure of
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ZnO can be simply described as a number of alternating planes composed of tetrahedrally
coordinated O%*" and Zn?* ions, stacked alternately along the c-axis as shown in Figure 2. The
tetrahedral coordination in ZnO results in non-centrosymmetric structure and consequently in
piezoelectricity and pyroelectricity. Another important characteristic of ZnO are polar
surfaces. The most common polar surface is the basal plane. The oppositely charged ions
produce positively charged Zn-(0001) and negatively charged O-(000-1) surfaces, resulting in
a normal dipole moment and spontaneous polarization along the c-axis as well as a divergence
in surface energy. The other two most commonly observed facets for ZnO are {2-1-10} and

{01-10}, which are non-polar surfaces and have lower energy than the {0001} facets [2].

Figure 2. Wurtzite structure model of ZnO with the tetrahedral coordination of Zn-O [1]

In an ideal wurtzite crystal, the axial ratio c/a and the u parameter (which is a measure of the
amount by which each atom is displaced with respect to the next along the c-axis) are
correlated by the relationship uc/a = (3/8)Y2, where c/a = (8/3)*2 and u = 3/8 for an ideal
crystal. ZnO crystals deviate from this ideal arrangement by changing both of these values.
This deviation occurs such that the tetrahedral distances are kept roughly constant in the
lattice. Experimentally, for wurtzite ZnO, the real values of u and c/a were determined in the
range u=0.3817-0.3856 and c/a =1.593-1.6035 [3-5]. Additional to the wurtzite phase, ZnO
is also known to crystallize in the cubic zincblende and rocksalt (NaCl) structures. Zincblende
ZnO is stable only by growth on cubic structures [6-8], whilst the rocksalt structure is a high-
pressure metastable phase forming at ~10 GPa, and cannot be epitaxially stabilized [9].

Theoretical calculations indicate that a fourth phase, cubic cesium chloride, may be possible
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