CHAPTER 1

INTRODUCTION

1.1 One-dimensional Metal Oxide Nanostructures

As for the definition of nanostructures, a widely accepted one is that
“nanostructure” represents a system or object with at least one dimension on the order of
one-hundred nanometer or less. Typical oxide nanostructures are of three types of
dimensional categories: 0-dimension, 1-dimension and 2-dimension. 0-dimensional
nanostructures such as nanoparticles (quantum dots) and 2-dimensional thin films have
been extensively explored and utilized in many applications. In the late 1960s,
“whiskers” of the metal oxide nanostructures represented a morphology category with a
wire-like shape, and the emergence of the nanoscale science and technology in the last
few years brought them into an emerging category of “one-dimensional oxide
nanostructures”.

Generally, a one dimensional (1D) nanostructure is a material with two physical
dimensions in the nano range (1~100 nanometer), while the third one can be very large.

Typically four types of 1D nanostructure configurations are reported in literature,
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including nanotubes?, nanowires nanorods and nanobelts
(nanoribbon)®1%*1213 " These nanostructures have potential applications in
nanoelectronics, nano-optoelectronics and nanoelectromechanical
systems,3#14:15.16,17.18,19.20.21.22.23 iqre 1.1 s a set of four figures representing the four
different typical morphologies made by ZnO. Amongst them, nanobelt (nanoribbon) is

the newest one being recognized and investigated extensively since its discovery in



2001."° By utilizing a dramatically increased surface-to-volume ratio and the novel
physical properties brought by the nano-scale structure, nano-scale sensors and

transducers with superior performance could be achieved. 2
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Figure 1.1 Four types of 1D nanostructure configurations made by ZnO: a) nanorods;

b) nanowires; ¢) nanotube; d) nanobelts.
1.1.1 Synthesis Techniques

During the last decade, one-dimensional metal oxide nanostructures have been

extensively investigated. Most of the studies have been focused on the synthesis and
fabrication of the nanostructures. Typically, two categories of synthesis and fabrication
techniques are generally used. One is the so called “bottom-up” techniques using vapor
phase deposition, chemical synthesis, self-assembly and location manipulations. The
other is the “top-down” approach utilizing the lithography and precision engineered tools
like cutting, etching, grinding etc. to fabricate nanoscale objects out of bulk materials. In
the bottom-up category, several approaches have been well-established, which include an
extensively explored vapor phase deposition method, including chemical vapor
deposition (CVD) and physical vapor deposition (PVD), and liquid phase deposition

(solution synthesis approach).



1.1.1.1 Vapor Phase Deposition Method

Vapor phase deposition method is the most versatile method for 1D
nanostructures synthesis and fabrication in the past few years. Chemical vapor deposition
(CVD) and physical vapor deposition (PVD) are two typical vapor phase deposition
methods. Both methods can be sub-classified based on the source of energy used, as
summarized in Table 1.1.%

Table 1.1 Vapor phase deposition techniques for nanostructure fabrication

Vapor phase deposition techniques Thin film and coatings One dimensional nanostructures

Physical vapor deposition processes (PVI)

(1) Thermal evaporation [y 1z the most popular method, low
(2) Electron beam-PVD cost, pure products, but operation
(Z)3puttering temperature could be very high,
Magnetron sputtering — (2) Very few use .
Direct current diode sputtering (3 Manoreds synthesis
Eadio frequency sputtering 4 Carbon nanofibres synthesis
(MiCathodic arc discharge =)} iz used for complex and high
(5) Pulse laser deposition melting point compound.

Chemircal vapor deposition processes (CVID)
(13 Thermal WD
(2) Low pressure CVD (LPCVD)
(3) Plasma enhanced CVD (PECVD) (1)-(3) (4)-(7) are are very suitable for
(4) Photochemical and laser-CVD (LCVD) Al fit ;:g:;l::;c; and core-shell nanostructures
(5 Metal-organic CVD MWMOCVI)
(67 Molecule Beam Epitaxy (MBE)
(7) Atomic Layer Deposition (ALD)

1.1.1.1a Physical Vapor Deposition Method

The traditional physical vapor deposition method is dedicated to the thin film and
coating technology, which generally rely on the physical vaporization and condensation
processes of materials. Based on the source of energy, five typical methods have been
developed (Table 1.1%°). The first one is the “thermal evaporation” process, which
generally uses resistor heater in a furnace to heat and facilitate the vaporization of source

materials and nanostructure deposition process. This method has been fully developed as



one of the most versatile methods for 1D nanostructure fabrication****. Examples of 1D
nanostructures grown by thermal evaporations are rather diverse, including the elemental
group such as Si and Ge, the 1I-VI group (ZnS, CdS, ZnSe, CdSe etc.), I11-V group
(GaAs, InAs, InP, GaP, GaN, etc.) and semiconducting oxides (ZnO, CdO, PbO, In,03,
Ga,03, SN0, SnO, etc. ). The second type of PVD is the Electron-beam PVD, which has
been extensively used for fabrications of ceramic thin film and coatings, but so far no
reports has been found for application in 1D nanostructure synthesis.

The third type of method is so called “sputtering processes”. Sputtering is the
removal of surface atoms due to bombardment from a flux of impinging energetic
particles. The consequences of the interaction between an incident particle and a solid
surface are mostly dictated by the kinetic energy of the projectile particle, although its
internal energy may also play a significant role. Surface diffusion is usually used for
explanation of the nanoscale islands or rods growth during the sputtering process. Sputter
methods have been utilized for some nanorods synthesis such as W, Si?’, B®% CNx*°,
etc.

Cathodic arc discharge is another important physical vapor deposition method. It
is famous for synthesis of the first batch of carbon nanotubes back to 19933, It has been
very popular as a method for fabrication of carbon related nanostructures, but there are
very few applications in growth of oxide nanostructures.

Pulse laser deposition (PLD)* is a developed method for creation of
nanostructures back to the seminal work on YBa,Cu3O- thin film growth by Venkatesan
and co-workers in 1987, The process is that the source material is rapidly evaporated

from a bulk target in a vacuum chamber by focusing a high power laser pulse on its



surface. A large number of material types have been deposited as thin films using PLD.
For some complex and high T, (melting point) compounds, there is no doubt that using
the PLD could be simpler and easier to receive better quality of nanostructures. PLD has
been used for synthesis of 1D nanostructures since early 90s in the last century. It has
been successfully used in carbon nanotube synthesis® with high yield instead of using
cathode arc discharge despite of a large amount of impurity. In the past decade, using
PLD method, a wvariety of 1D complex compound and core-shell structured
nanostructures have been synthesized **:**". Outside the auspices of high-performance
semiconductor applications, PLD is as promising research tool for investigating new
growth phenomena and systems as any other technique, and can offer some unique

features.

1.1.1.1b Chemical Vapor Deposition

Chemical vapor deposition (CVD) can be classified into six or more categories
regarding the difference of the vacuum control level, heating source and reactants gas
types etc., as shown in Table I. Thermal CVD, LPCVD, LCVD, and MOCVD have been
used to synthesize several types of nanowires. Using a similar set-up as the thermal
evaporation method in PVD approach, thermal CVD just involves chemical reaction
during the deposition process rather than a physical evaporation and deposition process.
It has produced high quality carbon nanotube® and nanowires including GaN***°, GaAs
etc. Like thermal evaporation in PVD, in thermal CVD, a solid source could be placed
upstream. The solid is vaporized through heating, which is transported by a carrier gas

that feeds the catalyst and source material for nanowire growth.



LPCVD is a technique for fabrication of thermal oxide layer on semiconductor
wafers in electronic industry. This approach uses commercial oven or furnace as a main
reaction chamber, which are generally composed of the reactant gas control and supply
system and temperature/pressure control system. The pressure control is normally under
0.1 torr. Despite of an old technique for oxide film growth in electronic industry, recently

the LPCVD is a successful method for synthesis of various nanostructures such as carbon
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nanotube , and Si nanowire etc.

In Laser CVD, the CVD setup has been modified for laser ablation with
controlled doses, leading to a control over nanowire lengths and diameters. Such a
precision control made it possible to form superlattices®® or core-shell*” structures with
doping. MBE has been used to grow 1D nanostructure of I11-V group semiconductor
compounds such as GaN*®, GaAs*, InGaAs* and AlGaAs™ etc. ALD seemly has been
used for fabrication of templates and ordered core-shell nanostructures™* ** ** ** due to

its precise control on atomic layer-by-layer deposition.

1.1.1.2 Solution-based chemical synthesis methods

As a generic method for synthesis of nanostructures, chemical synthesis has been
a powerful method for producing raw nanomaterials. Since the emergence of one-
dimensional nanomaterials, solution based chemical synthesis methods have been
extensively explored for fabrication of one-dimensional nanostructures. Many materials
such as elemental noble metals Au, Pt, Ag”, etc., tri- or multi-elemental compounds like
Ba(Sr)TiOs™*®, LaPO,>", CeP0O,4*®, BaH,Si04>° etc., in nanowire-like shape have been

successfully synthesized via solution based chemical synthesis methods, which can not be



easily fabricated by using vapor phase methods. The 1D nanostructures synthesized by
chemical synthesis can be easily achieved in a large yield, but the large amount of
impurities usually contained in the products always dramatically hinder its application,
although complex post filtering and purification is useful for increasing its purity. From
the cost point of view, a low-cost chemical synthesis with high yield undoubtedly is ideal
for future commercialization of 1D nanostructure.

1.1.1.3 Conjunctional methods involving lithography patterning

As described above, almost all of the techniques associated with the traditional
thin film and coating processing have somehow successfully found applications in
fabrication of 1D nanostructure. Lithography is a key technology in semiconductor
industry for processing devices and circuits at wafer level in a designed sequence. It
involves the feature patterning on a surface through exposure to a variety of sources such
as light, ions or electrons, and then a subsequent etching and/or deposition of materials to
produce the desired devices. The ability to pattern features in the nanometer range is a

key to the future nanoelectronics.

Figure 1.2 is a diagram showing the convergence of the top-down and bottom-up
production techniques. It is worth noting that there is an overlapping area between top-
down and bottom-up approach since late 1990s in the extrapolated area. Then hybrid
methods combining both approaches should be desired techniques in the future. To date,
more and more effort have been put together for using the conjunctional synthesis
methods to fabricate hierarchical or ordered building blocks of nanomaterials. An impact

example can go to the development of soft-lithography technique, which has taken the



advantage of both the improved understanding of self-assembly and nanolithography

process.
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Figure 1.2 A schematic diagram showing the convergence of the top-down and bottom-
up approaches.

Currently most of conjunctional synthesis methods utilize the lithography
patterned substrate for catalysts patterning or selective modification purpose. It has been
reported that by taking advantage of self assembled gold or Ni patterning, patterned
growth of carbon nanotubes®®, arrays of ZnO nanowire, GaN, AlGaN etc. for 2D
photonic crystal applications have been successfully achieved. By utilizing the brownian
motion of nanowires in fluids and also the lithographical microfluidic channels on the
deposition substrate, the positional aligned nanwires arrays along the microfluidic

channels can be obtained at a large scale. Using the same strategy, a large scale cross-bar



arrays®' of nanowires with a certain robustness and repeatability for nanocomputing have
been successfully achieved for nanocomputing test and measurement.

The growth of patterned and aligned one-dimensional nanostructures is important
for applications in sensing, optoelectronics, and field emission. Several groups have
successfully achieved the aligned growth of ZnO nanorods and nanowires on a sapphire
substrate via the VLS process with the use of Au as catalysts, which initiate and guide the
growth. The epitaxial orientation relationship between the nanorods and the substrate
leads to aligned growth.

Ren et al. and Wang et al. have reported the conjunction of the self-assembly-
based mask technique with the surface epitaxial approach to grow large-area hexagonal
arrays of aligned carbon nanotubes and ZnO nanorods. As shown in figure 1.3 is a series
of SEM images illustrating the synthesis process for ZnO nanorod arrays. Three main
steps are involved. The hexagonally patterned ZnO nanorod arrays are grown on a single-
crystal Al,O3 substrate on which patterned Au catalyst particles have been dispersed.
First, a two-dimensional, large area, self-assembled and ordered monolayer of submicron
polystyrene spheres is introduced onto the single-crystal Al,O3 substrate (figure 1.3a).
Second, a thin layer of Au particles is deposited onto the self-assembled monolayer; the
spheres are then etched away, leaving a patterned Au catalyst array (figure 1.3b). Finally,
nanowires are grown on the substrate using the VLS process (figure 1.3c). The spatial

distribution of the catalyst particles determines the pattern of the nanowires. This step can
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Figure 1.3 A series of SEM images illustrating the synthesis process for ZnO nanorods
array involves three main steps.

be achieved using a variety of mask technologies for producing complex configurations.
The key is to choose the optimum match between the substrate lattice and the nanowires,
for which the epitaxial orientation relationship between the nanowire and the substrate
results in the aligned growth of nanowires normal to the substrate. The distribution of the
catalyst particles defines the location of the nanowires, and the epitaxial growth on the
substrate results in the vertical alignment.

In the mean time, some researchers have been working on the conjunction of
vapor phase deposition, chemical synthesis and lithography techniques for synthesis of
hierarchical building blocks of functional materials for nanodevice applications.

1.1.2 One-dimensional Metal Oxide Nanostructures

Metal oxide is one of the most important functional material candidates for

chemical and biological sensing and transduction. Its unique and tunable physical

properties have made itself an excellent candidate for electronic and optoelectronic
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applications. As a result, nanostructures of metal oxides have emerged as a frontier field
in advanced science and technology since the microelectronics revolution in 1970s; as the
thin film technology has been comprehensively developed and pushed to
commercialization for ultra-large scale integrated circuits (ULSI).

Now in the early 21 century, one-dimensional metal oxide nanostructures have
become a major research topic in the current nanoscience and nanotechnology. As
described in the introduction, three typical morphological configurations have been
clearly defined: wire-like, tube-like and belt (ribbon)-like nanostructures. Metal oxide
nanowires, nanotubes and nanobelts are fascinating groups of materials that have

enormous potential for novel applications. Electronic applications include
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transistors , chemical sensors®®":%® biological sensors®, integrated circuits
and logic devices. NEMS, or nanoelectromechanical systems, and optical devices such as
photonics, LEDs, and lasers are also possible. For these purpose, one-dimensional metal
oxide nanostructures will function as the most important category of building blocks. The
rational control and hierarchical fabrication of these building blocks so far are still
challenging. In this section, a brief review is given about the rational control and
hierarchical synthesis of one-dimensional metal oxides nanostructures involving the

bottom-up self-assembly and top-down physical assembly processes.

1.1.2.1 Oxide Nanowires

For synthesis of nanowires, the bottom-up synthesis is the most cost-effective
means for producing nanowires in large quantities. Nevertheless, randomly oriented
assemblies of nanowires have been a hindrance for massively parallel device

applications. To meet the requirement of massive production and integration, hierarchical

11



and ordered nanostructure consisting of a large number of individual nanowires is an
optimum choice. To date, the invention and development of techniques such as
microfluidics, field driven self-assembly, and template-confined growth have led to
successful creations of alignment and architecture assembly of various nanowires.

Quite a lot reports on the metal oxide nanowires such as ZnO, In,05%, SnO,",
SiO,™ etc., have been seeking the rational and controllable synthesis of these functional
nanoscale materials. Generally, there are mainly two strategies for achieving the
alignment of 1D nanostructures. One approach is to use patterned catalysts to grow
oriented nanowires epitaxially on substrates with matched lattices. The other is to use
arrays of nano-channels on substrates such as Porous Anode Alumina Membranes
(PAAMS) as templates for growing metal oxide nanowire arrays’™. The other strategy is
to physically manipulate or assemble the randomly distributed nanowires into ordered
and patterned forms using external fields such as electric, magnetic and hydro force.

A typical example of aligned growth is for ZnO, one of the most important metal
oxides for electronic and optoelectronic applications. In 2001, aligned growth of ZnO
nanowires on single crystal substrate has been achieved by using thermal CVD method®.
In the report, the aligned ZnO nanowire arrays were grown on (11-20) sapphire
substrates. A 1~3.5 nm thick layer of Au was coated on the substrate to function as
catalysts. For, photonics applications, some new approaches have been implemented for
growing patterned nanowire arrays with surface coating. As mentioned before, using self
assembled gold or Ni patterning, patterned growth of carbon nanotubes™ and zZnO
nanowire arrays’’ for 2D photonic crystal applications also have been successfully

demonstrated.
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It is worth noting that most of nanowires synthesis and fabrication research have
been on elemental and binary compound system, there are only a few reports on success
of 1D nanostructures of tri-elemental or more complex compounds, even though ternary
and complex metal oxides are an important class of oxides for structural and functional

applications. For example, the perovskite oxides such as BaTiOs; and SrTiO; > *®

are
important ferroelectric materials. So far, it is a challenge to synthesize 1D nanostructures
of these materials although BaTiO3 nanowires have been synthesized using a solution
based method. Recently, 1D nanostructures of Zn,SnO,4 has been prepared via a reaction
between element Sn, ZnS, and Fe(NO)s at 1350 °C in a high-temperature tube furnace’®.

ZnGa,04 has been synthesized into nanowire shape using thermal CVD method”°.

1.1.2.2 Oxide nanotubes

The tubular structure is of a special and important morphological configuration in
nature. Synthetic nanoscale tubular structures have caught great research attention since
the discovery of carbon nanotube. In addition to the famous carbon nanotube, some
important engineering and functional compounds such as Mo0S,%, MoS;*and BN® have
been synthesized into tubular structures. Using tungsten-comprised precursors, Al-rich
mullite as an important engineering material has been fabricated in tubular shape®. GaN,
an important blue light emission material, has been fabricated into nanotube arrays using
a conjunctional of MOCVD and Thermal CVD, in which ZnO nanowire arrays were
taken as the template for growing GaN nanotube arrays®. Via combustion assisted
chemical vapor deposition method, nanotube arrays of SnO, have also been achieved®,

which could be of importance in nanosensing.
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Using nanotube, nanobelt, and nanowires as templates, tubular structures can be
synthesized for a wide range of materials. Most of these materials have to be inert to the
environment, which can be removed later, or can be completely convertible by a
chemical reaction. To date, ZnO has been one of the most extensively explored inorganic
materials besides carbon in the nanoscale science and technology. Recently there have

been quite a few reports about the successfully synthesis of ZnO microscale tubes®®

and also some nanotubes *%9*

with polycrystalline or textured crystal structures.
Chemically, solid ZnO is an ionic bonded crystal. The bonding between cation
Zn** and O is so strong that the melting point of ZnO is as high as 1975°C. Zn metal is
of a melting point as low as 411°C and can be easily oxidized in air®>. Both Zn and ZnO
have a similar hexagonal crystal structure. A low melting point of Zn and the high
melting point of ZnO as well as their hexagonal crystal structures could have given us a
great advantage for designing and fabricating various metal-semiconductor core-shell

nanostructures and tubular structures®.

1.1.2.3 Oxide Nanobelts

As inspired by carbon nanotubes, research in 1D nanomaterials is the forefront in
nanotechnology due to their unique electronic, optical, mechanical and chemical
properties. For non-carbon based 1D nanostructures, devices have been fabricated
utilizing semiconductor nanowires, such as Si and InP. Piezoelectric effect, an important
phenomenon that couples electro-mechanical behaviors, appears to be forgotten in
nanomaterials research. None of the well-known nanostructures, such as quantum dots

and carbon nanotubes, exhibits an intrinsic piezoelectricity. This is an area that remains
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to be explored because piezoelectric effect at nano-scale is critical in electromechanical
sensors, actuators and resonators.

In 2001, semiconducting oxide nanobelts (nanoribbons) have been discovered,
giving rise to a brand new configuration with respect to the nanowire configuration. The
nanobelt is a 1D nanostructure that has a rectangular cross-section with well-defined
crystal surfaces. As inspired by this discovery, research in functional oxide based 1D
nanostructures is rapidly expanding and is becoming a forefront research in
nanotechnology. In the past four years, synthesis of belt-like oxide, sulfides, and
selenided based 1D nanostructures has drawn a lot of attention due to their unique
geometrical structure and functional properties as well as their potential applications as
building blocks for nanoscale electronic and optoelectronic devices. It is worth
mentioning that a variety of functional nanodevices such as field effect transistors and
ultra-sensitive nano-size gas sensors, nanoresonators and nanocantilevers have been
fabricated based on individual nanobelts.

ZnO nanobelts, as shown in figure 1.4, are firstly synthesized by simply
evaporating the pure commercial ZnO powders at high temperature. They are pure,
structurally uniform, single crystalline, and mostly free from dislocations; they have a
rectangular crosss-section with constant dimensions along the length. Up to now, the
synthesized nanobelt dimension can be controlled with width of 5~500 nm, thickness of
3~400 nm, length of up to millimeter scale.

By adjusting the raw materials with the introduction of impurities, such as In and
Ga, we have synthesized a nanoring structure of ZnO, which is of a perfect circular and

uniform shape of the complete ring with flat surfaces (figure 1.5). Detailed microscopy
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Figure 1.4 A series of SEM images illustrating the synthesis process for ZnO nanorods
array involves three main steps.

Figure 1.5 A perfect seamless single crystal nanoring structure (a) and nanospring
structure (b).

study showed that the nanoring of ZnO is a single crystal polar nanobelt that is bent
evenly at the curvature of the nanoring. The polar nanobelt is of a typical width of ~15
nm and thickness of ~10 nm, leading to a nanoring ~10 nm thick, 100 nm~1 pm high and

with a radius around 2 pym. The forming of nanoring is resulted from the coaxial,
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uniradius, epitaxial coiling of a polar nanobelt. The growth of nanoring structure is a
process of self coiling of nanobelt with a spontaneous force balance in between elasticity,
electrostaticity and surface tension. Calculations showed that the spontaneous self-coiling
process is due to the small ratio of the thickness of nanoring to the curvature of the
nanoring and the electrostatic interaction (inverse-charge sign identity of stacking polar
surfaces (+ (0001)) of nanobelt).

We have recently synthesized ZnO nanobelts that are dominated by the (0001)
polar surface (figure 1.6). The nanobelt grows along [2110] (the a-axis), with its
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Figure 1.6 Structure characterization of polar surface dominated ZnO nanobelts.
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surfaces £ (0001) and the side surfaces + (0110). The dimensions are around 5-20 nm
thick, with aspect ratio of ~1:4, leading to an extremely high flexibility and toughness.
The formation of the nanorings and nanohelixes can be understood from the nature of the
polar surfaces similar to the nanoring case. If the surface charges are uncompensated
during the growth, the spontaneous polarization induces electrostatic energy as a result of
the dipole moment. But rolling up to form a circular ring would minimize or neutralize
the overall dipole moment, reducing the electrostatic energy. On the other hand, bending
the nanobelt produces elastic energy. The stable shape of the nanobelt is determined by
the minimization of the total energy contributed by spontaneous polarization and
elasticity. If the nanobelt is rolled uniradially loop-by-loop, the repulsive force between
the charged surfaces stretches the nanohelix, while the elastic deformation force pulls the
loops together; the balance between the two forms the nanohelix/nanospring shown in
figure 1.5. The nanohelix has a uniform shape with a radius of ~500-800 nm and evenly
distributed pitches. Each is made of a uniformly deformed single-crystal ZnO nanobelt.
In all, the nanorings and nanohelixes of single-crystalline ZnO nanobelts are

spontaneous-polarization-induced structures, the result of a 90° rotation in polarization.

1.2 Piezoelectricity of Zinc Oxide

Zinc oxide is an important semiconductor compound with piezoelectricity. As a

semiconductor, it has a typical wide band gap (3.37 e€V) and a large excitation binding

energy (60 meV), and exhibits near-UV emission and transparent conductivity. In this
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section, a brief review will be focused on the origin of piezoelectricity and the

piezoelectricity measurement of ZnO nanobelts using atomic force microscopy.

1.2.1 Orgin of Piezoelectricity of ZnO

ZnO could be of three types of crystal structures: wurtzite, zinc blende, or rocksalt
(NaCl). The wurtzite structure is the natural form of ZnO. As shown in figure 1.7 is the
crystal structure of wurzite structured ZnO, which has a hexagonal unit cell with two
lattice parameters a, ¢ respectively equal to 0.3249 and 0.52049 nm, belonging to space
group P6smc. Wurtzite structured ZnO is composed of two alternating layers of atoms
respectively corresponding to cation Zn®* and anion O% , which are tetrahedrally bonded
to each other. Inevitably it is of a non-central symmetry, resulting in the existence of

spontaneous polarization along its ¢ axis.

[0001]

polar Zn—term
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Figure 1.7 Crystal structure model of Wurzite ZnO.
To illustrate the piezoelectricity, one considers an atom with a positive charge that

is surrounded tetrahedrally by anions (Figure 1.8a). The center of gravity of the negative
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charges is at the center of the tetrahedron. By exerting a pressure on the crystal along the
cornering direction of the tetrahedron, the tetrahedron will experience a distortion and the
center of gravity of the negative charges will no longer coincide with the position of the
positive central atom, an electric dipole is generated. If all of the tetrahedra in the crystal
have the same orientation or some other mutual orientation that does not allow for a
cancellation among the dipoles, the crystal will have a macroscopic dipole. The two

opposite faces of the crystal have opposite electric charges.
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Figure 1.8 (a) Schematics showing piezoelectric effect in tetrahedrally coordinated
cation-anion unit. (b) Experimentally measured piezoelectric coefficient ds3 for ZnO and
its comparison to that of the bulk.

Among the tetrahedrally bonded semiconductors, ZnO has the highest
piezoelectric tensor or at least one comparable to that of GaN and AIN. This property
makes it a technologically important material for many applications, which require a
large electromechanical coupling. The piezoelectric tensor has three independent

components in hexagonal wurtzite phase and one (e14) in the cubic zinc-blende phase,

which characterize the full piezoelectric tensors of such crystals. Two of these
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components in wurtzite phase measure the polarization induced along the c axis, at zero
electric field, by a uniform strain either along the ¢ axis or in the basal plane. The
relevant relationship is
PP = e3€, + €316

where €; and €_are the strain along the ¢ axis and in the basal plane, respectively. es; and
es; are the piezoelectric coefficients. The third independent component of the
piezoelectric tensor, es, describes the polarization induced by a shear strain which is
usually neglected for simplicity. The sign of the piezoelectric tensor is generally fixed

assuming that the positive direction along the c axis goes from the cation to the anion.
Structurally, due to the three types of fastest growth directions: <0001>, <0110>

and <2110> as well as the +(0001) polar surfaces, ZnO nanostructures exhibit a long
gallery of polar surface dominated morphologies including combs, springs, rings, bows
and propellers etc. Therefore, the polar surface induced ZnO nanostructures could see
potential applications in electro-mechanical coupled devices such as sensors, transducers

and resonators.
1.2.2. Piezoelectricity of ZnO polar nanobelts

Piezoelectricity of ZnO is due to the atomic scale polarization. The piezoelectricity
refers to a reverse process in which a contraction or elongation is created to the crystal once
it is positioned in an electric field. Crystals can only be piezoelectric if they are non-central
symmetric to ensure the non-compensation among the dipoles created by the tetrahedra.

Piezoelectric effect can convert a mechanical vibration into an electric signal or vice versa.
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It is widely used in resonators, controlling tip movement in scanning probe microscopy,
sensors for vibration waves in air and under sea etc.

Piezoelectricity is different from ferroelectricity or ferromagnetism. Ferroelectricity
is originated from electric dipole moment induced by the spontaneous polarization of the
crystal, and ferromagnetism is based on atomic magnetic moment induced by electron spin.
Ferroelectricity and ferromagnetism have many common characteristics, such as domains
and hysteresis loops. If the dipoles can be canceled each other by the randomly oriented
ferroelectric domains, the material does not exhibit a macroscopic dipole. It is called
paraelectric. If these dipole domains cannot be canceled out with each other, the residual
dipoles will add up, forming a macroscopic dipole, which is the ferroelectricity.
Piezoelectricity, however, is originated from the polarization of the tetrahedral coordinated
unit and it is a crystal structure determined effect. In nanometer scale, ferroelectricity and
ferromagnetism may be greatly reduced or vanished, but piezoelectricity preserves with a
possibility of enhanced performance due to the free boundary for volume
expansion/contraction.

The piezoelectric coefficient of ZnO nanobelt has been measured by atomic force
microscopy using a conductive tip.** After coating (100) Si wafer with a 100nm Pd, ZnO
nanobelts were dispersed on the conductive surface. Then the whole surface was coated
with another 5 nm Pd coating, which served as an electrode on ZnO nanobelt to get
uniform electric field and avoid electrostatic effect. Extra care was taken to ensure that
top and bottom surface of the nanobelt was not short circuited after Pd deposition. The
ZnO nanobelt was located by a commercially available AFM under tapping mode.

Piezoresponse force microscopy (PFM) is used to measure the effective piezoelectric

22



coefficient (ds3) of individual (0001) surface dominated zinc oxide nanobelt lying on
conductive surface. Based on references of bulk (0001) ZnO and x-cut quartz, effective
piezoelectric coefficient d33 of ZnO nanobelt is found to be frequency dependent and
varies from 14.3pm/V to 26.7pm/V (Figure 1.8b), which is much larger than that of the
bulk (0001) ZnO of 9.93pm/V. The results project the applications of ZnO nanobelts as

nanosensors and nanoactuators.

1.3 Nanowires and Nanobelts for Sensing Application

Nanowires and nanobelts as the sensing probe for chemical and biological species
detection are drawing more and more attention for their potential application not only in
electronics and optoelectronics, aerospace engineering, but also in environment
protection and biomedical healthcare. Nanowire and nanobelts sensors have several
significant advantages over the other macroscopic counterparts. First they could be made
potentially smaller, more sensitive, less-power consumptive with shorter response time.
Secondly, for integration points of view, arrays or hierarchical organization of nanowire
sensors could achieve nanoscale spatial resolution, which would provide accurate real-
time information regarding not only the local species concentration, but also its spatial
distribution.

Currently, nanowires and nanobelts sensors function based on three categories of
signals. One is the reversible conductivity variation of the nanostructure upon absorption
of the agent to be detected; the other two detection methods include mechanical mass

sensing and optical detection. In terms of reversible conductivity change, the result-in
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increased sensitivity and faster response time of nanowires and nanobelts are attributed to
the large surface-to-volume ratio, and the small cross-section available for conduction
channels. In the bulk, on the other hand, the abundance of charges can effectively shield
external fields, and the abundance of material can afford many alternative conduction
channels. Therefore a stronger chemical stimulus and longer response time is necessary
to observe changes in the physical properties of a 3D sensor in comparison to a nanowire
or nanobelt.

Mechanical mass sensor is based on the principle of mechanical resonance
phenomena upon excitation of an alternating electric field, for which foreign molecules
detection is due to a detectable small amount of frequency shift compared to the intrinsic
mechanic beam resonance frequency after loading of a trivial amount of foreign chemical
or biological species onto the mechanic beam, for which the frequency shift will be
specifically different with respect to different foreign molecules. For this type of sensor,
the geometry of nanowires and nanobelts will be a dominant fact for the sensitivity and
working frequency range.

Generally, optical detection methods make use of the optical signal variation upon
different exposure of foreign species to the sensing probe. The optical signal changes
could be in terms of fluorescence properties, color change, and wavelength modulation.
Some microwave range mass sensor in fact could be put in the category of optical sensor
as well.

In chemical sensing regime, nanobelts have been demonstrated to be able to offer
a substantially higher sensitivity than thin film metal oxide sensors. It has been

experimentally observed that a SnO, nanobelt sensor can detect NO, at a concentration
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level of 100 parts per billion (ppb)® (Figure 1.9). In traditional polycrystalline thin film
metal oxide sensors, grain boundaries in the sensing thin films are responsible for
degradation and poisoning of the sensor. And the lack of long-term stability has
prevented the wide application of these sensors. On the other hand, the nanobelt sensor is

highly stable because of its single crystalline structure.
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Figure 1.9 Response of a SnO, nanobelt sensor to different gases.

In the gas sensor, a flow-through technique is generally used for gas-sensing
properties measurement. A constant flux of synthetic air mixed with desired amount
(ppm) of test gases electrical conductance, and a proper measure will be taken to ensure
the ohmic contact. The gaseous species CH3OH or volatile sulfuric compounds will flow

through a stabilized sealed chamber with controlled temperature, pressure and humidity.

Cantilever-based sensor is a prototype mechanical mass sensor, which has been
used as an important approach in measuring nanoscale properties and phenomena.

Microfabricated cantilevers are the most conventionally used cantivers with disadvantage
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of size limitation. In 2003, using ZnO nanobelt as potential nanocantilver has been
demonstrated in the atomic force microscope.®® By integration between
microelectromechanical system technology and self-assembled nanobelts, cost-effective
cantilevers with much improved sensitivity could be achieved for a variety of
applications such as biological and chemical sensors.

Semiconducting nanobelts are ideal candidates for cantilever applications.
Structurally they are defect-free single crystals, providing excellent mechanical
properties. The reduced dimensions of nanobelt cantilevers offer a significant increase in
cantilever sensitivity. Combining the aforementioned techniques with micromanipulation
has led to the horizontal alignment of individual ZnO nanobelts onto silicon chips. The
aligned ZnO cantilevers shown in Figure 1.10 were manipulated to have a range of
lengths. This exemplifies our ability to tune the resonance frequency of each cantilever
and thus modify cantilevers for different applications such as contact, noncontact, and
tapping mode atomic force microscopy. Periodic contrast of the ZnO cantilevers is
observed as a result of electronic charge—induced vibrations during SEM operation. Such
contrast is absent in regions where the nanobelts are in direct contact with the silicon
substrate, suggesting adequate adhesion forces between the cantilevers and the silicon

chip.
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Figure 1.10 Manipulated aligned ZnO belts on Si chip as cantilevers array in atomic
force microscope.

Since 1988, biosensors have been comprehended to be *“an analytical device that
incorporates a biological active material in intimate contact with an appropriate
transduction element for the purpose of detecting—reversibly and selectively--- the
concentration or activity of chemical species in any type of sample”. Generally biological
active material has to be survived in aqueous environment, such as specific ions buffered
saline in human body, which means the operation of biosensors, has to be in aqueous
environment. A fact is that, despite of the most intensively explored methodology
developed for solid state sensing, the electrical transport detection in aqueous
environment so far is still very challenging due to the high aqueous environment noise.
Recently, there have been quite a few examples of using electrical detection methodology

for biosensing, even though the life time issue of these devices is of a critical problem.

In 2001, Cui et al. built a two-terminal biosensor using Si nanowires, as shown in

figure 1.11.%" The silicon nanowires made by the VLS method were placed between two
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Figure 1.11 Si nanowire as chemical and biological sensor.

metal electrodes and modified the silicon oxide coating of the wire by the addition of
molecules that are sensitive to the analyte to be detected. For example, a pH sensor was
made by covalently linking an amine containing silane to the surface of the nanowire.
The pH variation of the solution into which the nanowire was immersed caused
protonation and deprotonation of the -NH, and the -SiOH groups on the surface of the
nanowire. The variation in surface charge densities regulates the conductance of the
nanowire. With the p-type characteristics of a silicon wire, the conductance increases
with the addition of negative surface charge. The combined acid and base behavior of the
surface groups results in an approximately linear dependence of conductance on pH in
the pH range 2 to 9, thus leading to a direct readout pH meter. This same type of
approach has been used for the detection of the binding of biomolecules, such as

streptavidin using biotin-modified nanowires.

28



Recently, as a result of an instant exploration for nanowire biosensing, Si
nanowires® and In,0s nanowires/carbon nanotubes® have been demonstrated to be able
to detect prostate cancer cell-related antigen with a high selectivity and sensitivity. In the
Si nanowire case, the selective binding events between the antibody modified Si
nanowires and the virus nanoparticles was detected via a distinct electrical conductivity
variation happened in different biofluids, leading to a highly sensitive range of detection
which might go to single cell or virus particle detection.'® The biofluids transport pulse
was realized by using microfluidic channels. As shown in figure 1.12 is the optical image

of the device structure.

Figure 1.12 Si nanowire biosensor structure for single virus and prostate cancer cell-
related antigen detection.
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Microfluidics is now rapidly emerging as an enabling technology, having
applications ranging from unmanned aerial vehicles to drug discovery and delivery.
Given the importance of micro/nano mechanical and fluidic phenomena, it is necessary to
understand the fluid mechanics, the heat and mass transfer, the chemistry, the
biochemistry and engineering principles on which the design of devices is based. These
subjects are essential in understanding the behavior of fluid flow through nano/micro

channels.

Experimentally characterizing flow fields at length scales ranging from
nanometers to micrometers is crucial in developing both modeling and design capabilities
for microfluidics devices such as labs on a chip, microelectronic cooling devices and
inkjets. Yet most classical diagnostic techniques for measuring velocity, temperature and
concentration in incompressible flows cannot resolve flows at such scales. The leading
techniques that are currently being used to characterize flows in channels with
dimensions ranging from 10 pum to 100 um are micro-particle image velocimetry (UPIV)
for measuring time-averaged velocity fields and laser-induced fluorescence (LIF) for
visualizing mixing. Alternative techniques currently under development include nano-
particle image velocimetry (nPI1V) for measuring velocity fields within 100 nm of the
channel wall and scanning confocal microscopy for measuring bulk velocity fields with
less than 1 um spatial resolution. Finally, new techniques for measuring bulk flow and

wall temperature in microchannels emerge based on LIF and Brownian motion.

Originated as a microsampling tool, microfluidic devices have become more and

more useful in biomedicine. Typical uses of microfluidics systems include sample
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preparation for mass spectrometric analysis, fluid and particle routing, detection and
control of chemical reactions, mixing of solutions, and separations. It is ultilized in a
number of techniques such as process analysis, environment monitoring, clinical
diagnostics, drug delivery, cell culture, cell manipulations, protein analysis, polymerase

chain reaction (PCR), DNA sizing, and sequencing.

Anyway, to let nanoelectronics useful in biofluids environment, an integration of
microfluidics with nanoelectronics could find a new solution. But the micro/nano
mechanical and fluidics phenomena, electrical phenomena and also the electro-
mechanical-optical interaction phenomena should be the main scientific issues necessary

to be understood before the integration can be achieved in a sense of useful system.

1.4 Targets in the thesis

In this thesis, the material to be focused on is zinc oxide (ZnO), a semiconducting
and piezoelectric material. Based on the work that has been done previously with ZnO
nanobelts in our lab, we are trying to develop this type of nanostructures into a
hierarchical and multifunctional building block for chemical and biological sensing
devices. Aiming towards the biosensing application using the nanostructures to be
synthesized, three targets are pursued. First is the controllable fabrication of the novel
and hierarchical piezoelectric ZnO nanostructures. Second is to explore and understand
the physical and chemical insights behind the involved growth phenomena by a variety of
characterization techniques from structure characterization to chemical analysis. The

third is to probe the device applications of piezoelectric ZnO nanostructures via in-situ
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TEM resonance properties measurement, surface functionalization, device fabrication and

electrical transport measurement.

32



CHAPTER 2

EXPERIMENTAL METHODOLOGIES

This research is focused on ZnO, an important semiconductor and piezoelectric
material, as has been reviewed in chapter 1. The thesis work will be conducted on three
major parts: synthesis, characterization and device application.

For the synthesis, a solid-vapor growth process was used; the specific growth
conditions will be described in the relevant chapters. During the experiments, the growth
kinetics and chemical reaction kinetics will be controlled via control of a series of
controllable parameters; and chemical thermodynamics and physical characteristics of
materials will also be involved in the optimization and design for desired nanomaterials
synthesis.

Two types of characterization techniques were used in the work: 1, structure
characterization and analysis; 2. device fabrication and characterization. The first is
mainly for identification of structures and compositions of as-grown nanostructures,
leading to an interpretation of physics and chemistry insight involved in the growth
process. The second is for application development purpose.

As for the device application part, three stages for applications towards biosening
are probed in the current work, which include the surface functionalization, resonance

measurement, device fabrication and characterization based on ZnO nanostructures.
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2.1 Vapor Phase Synthesis Techniques

In the past four years since the semiconducting oxide nanobelt was discovered,
synthesis of belt-like oxide and sulfide based one dimensional (1D) nanostructures has
attracted more and more attention due to their unique geometrical structure and functional
properties like electrical and optical properties, and their potential applications in
building nanoscale electronic and optoelectronic devices. So far most of the belt-like
morphological nanostructures are achieved by using the solid-vapor deposition process.

The solid vapor deposition process represents the simplest method for the
synthesis of one-dimensional nanostructures. By using this method, various types of 1D
oxide nanobelts, such as ZnO, SnO,, CdO, Gay0Os, In,03, PbO,, and other based
nanobelts, such as ZnS, GaN, CdSe and CdS, were successfully fabricated. The set-up of

the solid vapor deposition is an equipment shown in Figure 2.1.
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Figure 2.1 Schematic of Experimental set-up for synthesis of ZnO nanostructures.

In figure 2.1, the desired source materials (in the form of powders generally) were
placed in the center of a horizontal tube furnace, where the temperatures, gas flow rate,

pressure and deposition times were controlled. Before deposition, the chamber was
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evacuated to 1~6x10° torr by a mechanical rotary pump. At the reaction temperature, the
source materials were heated and evaporated, the vapor then was transported by the
carrier gas such as Ar, to the downstream end low temperature region of the tube, and
finally deposited on to either a growth substrate or the inner wall of the alumina tube or
quartz tube. So this process consists of two processes, the vaporization of materials at
high temperature, and condensation of materials at low temperature. During the process,
there could be chemical reaction due to the self-instability (chemically) of materials at
high temperature or the involving of reducing agent or catalysts.

For the solid vapor deposition process, the experiments generally were carried out
at a high temperature due to the high melting point and low vapor pressure of oxide
materials. For example, for ZnO nanobelt synthesis, the ZnO powders need to be heated
to ~1400 °C, which is very high. To reduce the temperature, graphite can be introduced as
the vapor-generating agent to reduce the oxide to metal vapor, which can be oxidized
soon at low temperature so as to form the nanobelts.

There are a variety of parameters that control the synthesis of nanobelts using the
solid vapor deposition. In addition to the basic parameters like temperature, pressure, gas
flow rate, and duration time, other special parameters could be introduced for specific
purpose for desired synthesis. For example, external fields such as electrical and
magnetic can be involved in the synthesis process to get oriented growth of specific
nanostructures. And the substrate and chemical composition can be the other alternating

factors for different purposes during the growth.
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During the syntheses, controlling the parameters in the chamber such as pressure,
temperature gradient and gas flow rate, especially the source materials composition, is a
key to design and synthesize desired nanostructures.

Two growth modes have been involved in the synthesis of ZnO nanostructures.
One is a well-known Vapor-Liquid-Solid growth process, the so-called VLS growth
mechanism. The other is a un-clarified VVapor-Solid growth process, namely VS growth
mechanism. VLS mechanism has been proposed over four decades. The main point in
this process is that a metallic or alloy catalyst such as Au, Ni, Co, Fe etc. has to be
involved during the growth. Figure 2.2 shows a schematic classification of these two
growth modes. Figure 2.2a shows the schematic growth process involving Au catalyst for

Si whisker growth, which was firstly named as a VLS process.

A, Vapor-Liquid-Solid process

Catalysts: Au, Sn, Co, Ni, etc.

« Vapor-Solid process

Non-catalyst involved process, still
remains mystery.

Figure 2.2 Schematic classification of two growth modes: VLS and VS growth.
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The process includes three steps: the dissolution of deposition materials vapor in the
catalysts liquid droplets at local high temperature, saturation and supersaturation of
deposition materials in liquid droplets, then precipitation of solid deposition materials
along specific direction.

For the nanobelts syntheses, according to the availability of catalysts, it can be
classified into two types of growth process: non-catalyst involved deposition and
deposition involving catalysts such as Au, Sn, Ni, etc. During the non-catalyst involved
deposition, two processes could be involved, one is the self-catalyzed vapor-Liquid-Solid
(SVLYS) process, the other is a Vapor-Solid (VS) process. When catalysts are involved in
the growth process, it could be a VLS process, or combination of VLS and VS processes,
even some researchers propose an Oxide-assisted growth process.

In the reaction without involving the catalysts, the nanobelt growth may be
controlled by a way that is different from the VLS process. Since no liquid catalysts
present in such case, it is likely that the growth is governed by VS process, for example,
the formation of ZnO nanobelts by heating ZnO powders at ~1400 °C, where the oxide
vapor directly deposits on the substrate or the inner wall of the alumina (or quartz) tubes.
However, recent research results on the polar surface induced asymmetric growth of ZnO
nanocantilevers showed that the growth could involve a self-catalyzed VLS process
during the cantilever array’s formation at the Zn terminated polar surfaces, where the Zn
cluster in the growth front likely functions as the catalyst guiding the growth of

nanocantilevers.
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2.2 Structure Characterization and Analysis

Structure characterization was carried out using a variety of facilities, including
scanning electron microscope, transmission electron microscope, etc. Scanning electron
microscopy (FE-SEM) (field emission LEO 1530 FEG at 5 & 10 kV) and transmission
electron microscopy (TEM) (JEOL 100C, field emission TEM Hitachi HF-2000 at 200
kV and JEOL 400X at 400 kV), and energy-dispersive X-ray spectroscopy (EDS)
attached to the SEM and TEM, respectively were used to investigate the morphology,
crystal structure and composition of as-grown nanostructures. Transmission electron
microscopy is a key tool in this study for structure characterization and composition
analysis, in the following paragraphs, a brief introduction on this unique instrumentation
will be involved.

As shown in figure 2. 3 is the structure schematic of a typical transmission
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Objective lens
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Wiewing screen

(a) Diffraction (b) Imaging

Figure 2.3  Electron column structure and the ray diagram for TEM operated for (a)
diffraction mode and (b) imaging mode.
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electron microscope together with basic electro-optics involved in two basic modes in
TEM: the diffraction mode (figure 2.3a) and the imaging mode (figure 2.3b)

Currently, a typical transmission electron microscope consists of an illumination
system, a sample loading stage, an electromagnetic optics system, image recording
system and the chemical analysis system, as schemed in Figure2.3. The electron gun is
the heart of the illumination system. LaBg thermionic emission source or a field emission
source could be utilized for electron emission. Field emission source is of high brightness
and high coherent electron emission, which is good for high coherence lattice imaging
and high spatial resolution microanalysis. The electromagnetic optics system is
comprised of the analogized functional lens realized via electromagnetic coils
surrounding the column, which will alternate the accelerated electron beam path. The
objective lens determines the limit of image resolution. The intermediate lenses and
projection lenses give the system ability to magnify the local imaging area on sample to
an over million magnification. The data recording system tends to be digital with the use
of a charge coupled device (CCD), allowing quantitative data processing and
quantification. Finally, the energy-dispersive X-ray spectroscopy (EDS) and electron
energy loss spectroscopy (EELS) are capabilities for the chemical analysis system, which
can be used to quantify the chemical composition of the specimen. A complementary
application of the diffraction, imaging, and spectroscopy techniques available in a TEM
is its unique strength to give a precise and reliable determination of the crystal structure

and chemistry.
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Two types of imaging techniques can be used to tract information: diffraction
contrast imaging and phase contrast imaging, which are respectively used for traditional
projection morphology imaging of the specimen and lattice structure imaging.

For the case of diffraction contrast, through the contrast amplitude difference
from a single beam diffraction interaction with the corresponding specimen area, the
imaging information can be obtained in the perspectives of phase variation, thickness
variation, defects, bending strain, etc. As for the phase contrast imaging , it is the basis
for the lattice structure imaging through imaging mode, which is complementary to the

diffraction mode.

2.3 Surface Modification and Functionalization

Zinc oxide is an important resource for human being to obtain a certain amount of
Zn, the second most abundant transition metal in the human body, which is vital for
biological functions, such as gene expression, apoptosis, enzyme regulation, and
neurotransmission. And also the everyday products like sun-proof cream contain a large
fraction of ZnO. Billion dollars’ business has been set up only based on this kind of
everyday product. Anyway, it has been comprehensively noted that ZnO is very
beneficial to the human’s normal life including maintaining normal metabolism in self-
body.

Seemly ZnO is very “biocompatible”. However, to enable its function as a device
material or functional component in human body, regardless of how it functions, through
interaction with human body biofluid, or need of survival in a certain life-time period,

ZnO materials have to be tested in different perspectives. For example, it has been known
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that normally at room temperature and normal atmosphere, bulk ZnO has a very small
solubility of around 1 mg in a liter of water. Since dissolution is a type of degradation in
biomaterials, in the nano-scale we have to be concerned about this issue.

Molecular recognition is the most important step in the generation of a sigal
(response) by a biosensing system. The specificity and affinity of this step will generally
determine the overall device performance regardless of the detection methods employed.
The goal of the surface modification and funtionalization in biosensing in fact is to
achieve specific molecule recognition components with good enough stability, selectivity
and sensitivity.

Therefore, from the functional points of view, as a biosensing building block,
ZnO nanostructure employed not only has to be able to survive in biofluid, but has to be
of high sensitivity and selectivity in recognizing certain biomolecules via certain types of
surface modification. Generally, two types of binding could exist between the to-be-
modified surface and the modification molecules: the non-specific binding via physical
adsorption, which can be hydrophobic or electrostatic in nature; the other is specific
binding via chemical adsorption, which is strong with covalent-bonding. Generally
speaking, these two types of bindings could be useful respectively for disposable
biosensing and long-life-time biosensing.

In this thesis, two sets of surface modification and functionalization experiments
have been designed and carried out. Firstly, based on the polar surface dominated
piezoelectric ZnO nanostructures, a great interest is to prove the selectivity of the two
(0001) surfaces for different functional groups from the electrostatic force point of view.

Furthermore, if it is selective, then different functional groups modified on polar surfaces
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will give a tremendous space for further bio-functional group modification. Secondly, for
biosensing purpose, ZnO nanostructures are designed to directly or indirectly to attach
some certain biological organic species such as saccharides and proteins through physical
adsorption and chemical adsorption.

As shown in figure 2.4, a cartoon schematic illustrates the process of the
designed selective adsorption of magnetite nanoparticles on two types of polar surfaces in
ZnO. Assume the electrostatic interaction between ZnO polar surfaces and NPs is the
dominant deposition process, then it will be predicted that a selective adsorption process
will happen to functionalize the two polar surfaces with “-” and “+” sign with different

functional groups.
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Figure 2.4  Selective charged Fe3O,4 nanoparticles adsorptions on polar surfaces of
Zn0.
For biofunctional group modification experiments, we have designed two types of
biosurface functionalization experiments. One is to modify ZnO nanostructures with a
stable surface coating via physical adsorption which can be further specifically bonded

with certain types of saccharides such as prutose. The other is composed of three
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experiments: a). find the suitable biological buffer for ZnO nanostructures to work in b).
Silanization of ZnO nanostructures surfaces; c¢).direct protein attachment such as EYFP, a
green fluorescence protein onto ZnO nanostures surfaces.

Physical attachment, silanization, and self-assembly using Langmuir-Blodgett
technique represent three of the main methods for biosurface modification on inorganic
substrates such as glass and metal oxide. As shown in figure 2.5 is the process of

silanization, the most common method for metal oxide surface functionalization.
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Figure 2.5  Silanization process for glass and metal oxide surface.

Silanization is a standard method which has been well documented. The oxide surfaces
can easily be modified with silanes. In the silanization process, the oxide surface is
treated with an organosilane containing an organic functional group at the head and an
alkoxysilyl group at the tail. The tail alkoxysilyl group will couple with the metal oxide
or silanol group on the substrate. The most commonly used silanes are aminosilanes and
phenethylsilanes. After this step, a biofunctional linker head group is attached, followed

by the coupling of the desired molecular recognition agent such as protein via its
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functional groups such as —NH,, -SH etc. to the head group of the silane. Alternatively,

the linker silane could be first attached to the desired protein before the silanization.

2.4 Nano-device Fabrication and Characterization

2.4.1 Device design and fabrication

As shown in figure 2.5 is a simplified cross sectional schematic for the
nanodevice to be fabricated. Si wafer with (110) orientation is used. The native oxide
layer on the Si wafer, thermally growth oxide layer or SiN layer made by plasma
enhanced chemical vapor deposition functions as an insulating layer to the two terminal
electrodes made of Au or Pt and the bridged ZnO nanobelt across the two terminals. The
Si layer underleath the insulating layer could function as the gate terminal upon necessary
for field effect transistor measurement purpose, for which the two Au/Pt terminals will be
the source and train electrodes. Generally the ZnO nanobelt bridge between the two
Au/Pt terminals will be inevitably in contact with the SiO, or SiN insulation layer for the
basic electronic transport measurement of ZnO nanobelt. Upon biosensing and resonating
purposes, the bridged nanobelts or the other nanostructures will be designed to suspend
across the two Au/Pt electrodes, leaving an enough space and all the nanostructures
surfaces to involve the biosurface functionalization layer and the target molecules, or
keep the resonating behavior the origin of the nanostructures themselves. The way to do
that is through a microchannel fabrication underneath ZnO nanostructures (for detail, see

chapter 6).

44



Zn0O Nanobelt
Au/Pt Au/Pt

Si

Figure 2.6 A simplified cross-sectional schematic of the device structure.

Electron beam nanolithography and photolithography are used to fabricate the
silicon based nanodevices using ZnO nanostructures as the sensing materials.

For the microchannels fabrication, transparent silica and Si wafer (110) were
chosen as the substrate. Photolithography and focused ion beam lithography were used
for microchannels fabrications.

Two dual-beam Focused lon beam systems (FEI, NOVA 200 and Quanta 30)

were used for ion milling and Pt deposition.

2.4.2 Electrical measurement

Electrical characterization will be carried out by a volt-amperometric technique at
certain bias with current change measured by picoamperometer. Two-probe electrical
measurement method was used for measuring the current-voltage characteristics in terms
of different pairs of terminals such as the source-drain, source-gate in the field effect
transistor measurement.

As shown in figure 2.7 is a schematic of the electrical measurement circuit setup.
An alternating bias voltage with certain frequency (typically 0.001Hz -30MHz in triangle
waveform or sine waveform) will be applied across the two Au/Pt terminals. The voltage

range will be 0-5V,.,. Upon necessary, a DC voltage will be applied across the Si gate
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electrode and one of the Au/Pt terminal as the gate bias. A SRS DS345 synthesized
functional generator is used as the voltage source. And the picoammeter we used is the
Keithley 6485 5-1/2 digit Picoammeter with 10fA resolution. A voltage divider box is
used for providing the protection and voltage bias for the device under test. Another
voltage divider box could be set up for the gate bias as well. Labview 7.0 software is used
for a computer to acquire digital data via PCI data acquisition board with separate ports

respectively connected with the analogue outputs of current and voltage.
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Figure 2.7 A schematic of the electrical measurement circuit setup.

2.4.3 Integration of microfluidics and nanoelectronics for biosensing application
For research on microflows, many of the traditional techniques of measuring fluid
behavior have been adapted or replaced due to the small size and the planar format of

these systems. For example, integrated probes, such as shear stress sensors and thermal
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anemometers, have Dbeen developed for measuring gas and liquid flows in
microsystems'®. The integration of the probe directly into the device is attractive
because it may facilitate closed-loop control of flows in devices that include both
microfluidic and microelectronic elements.

Most other measurements of microflows have been performed with optical
microscopes. An adaptation of particle image velocimetry (PIV) known as micro-PIV can
yield a spatial resolution of the flow field of approximately one micron'®?. Fluorescence
microscopy has also been used to observe microflows. In one variant, a spatially
localized pulse from a high-intensity laser is used to generate a fluorophore
photochemically in a small volume of fluid in the channel. The advection of this
fluorescent volume is observed by fluorescence microscopy in order to visualize the flow
profile and speed of the flow'®. Confocal fluorescence microscopy has also been used to
observe the three-dimensional structure of steady flows in microchannels™®.

To probe the piezoelectricity of ZnO polar nanostructures as well as to find
biomedical applications of this unique type of nanomaterials, a platform involving both
the sensing electrodes together with ZnO piezoelectrical nanostructures and specifically
designed and fabricated microfluidic system is to be utilized for the purpose.

As shown in figure 2. 8 is a schematic for the test platform of the integrated

devices and testing setup.
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Figure2.8 A schematic for the test platform of the integrated
microfluidic/nanoelectronic device.

The principle of this measuring platform is: ZnO nanostructures (e.g.,
piezoelectric nanobelts, nanohelices and nanopropellers) as a flow sensor to correlate the
biofluid flow rate (pressure or wall shear stress) with the voltage signal induced by the
piezoelectric nanoribbons. During the fabrication and testing processes, parameters such
as microfluidic channel diameter, microflow rate and pressure will be controlled by
precise microfabrication experiments, flow meter (or precise output of micropump) and
pressure transducer respectively. In addition, based on this setup, a through and
systematic biosensing application study could be conducted by integration of
simultaneous real-time biofluidics control and electrical characterization.

The techniques necessary to be wused in device fabrication include

photolithography and focused ion beam lithography (microfluidic channels), E-beam
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nanolithography (sensing electrodes). The characterization tools include the real-time
flow monitoring by the syringe pump and the current-voltage measurement via calibrated

nanovoltmeter and picoammeter.
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A chemical vapor transport process®>411°:116

was used for synthesis of aligned
ZnO nanorods and nanobelts. The experimental apparatus includes a horizontal tube
furnace; a rotary pump system and a gas supply system. A mixture of commercial ZnO,
SnO; and graphite powders in certain ratio (Zn:Sn:C = 2:1:1.) was placed in an alumina
boat as the source material and positioned at the center of the alumina tube. To
investigate the duration time dependence on the growth of desired nanostructures,
deposition processes were conducted at 1150 °C for 5, 15, 30 and 60 minutes,
respectively, under a constant pressure of 200 mbar and an Ar flow rate of 20 sccm
(standard cubic centimeters per minute). The entire length of the tube furnace is 50 cm.

The desired nanostructures were deposited onto polycrystalline alumina substrates

located 21 cm away from the furnace center in a temperature range of 550~600 °C.

Figure 3.1 is a group of typical SEM images of the as-synthesized nanostructures
on an alumina substrate after 5 minutes deposition at 1150 °C, showing the initial growth
characteristics of the desired nanostructure. Micro-size ZnO rods (micro-rods) of
irregular side surfaces but uniform-flat (0001) surfaces of ~ 3 ym are formed on the
alumina substrate, which sometime show faceted side surfaces (Figure 3.1b). On each
micro-rod, there are a number of nanorods oriented perpendicularly to the (0001) plane,
as were clearly depicted in Figs 3.1c and 3.1d, which are respectively the top and side
view of the oriented ZnO nanorods. At the tip of each nanorod and nanobelt there is a
comparable sized Sn ball. The oriented nanorods dispersively distribute on the flat c-
plane of the micro-rods with uniform diameters ranging around 20-40 nm and average

height about 40-80 nm.
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Figure 3.1 Initial growth of oriented nanorods using metallic Sn as the catalyst at 1150
°C with growth time of 5 minutes. a). Micron-scale ZnO short rods rooted on Al,O3
substrate, with aligned nanorods dispersively distributed on the top surfaces of the micro-
rods; b). hexagonal faceted ZnO micro-rod with aligned ZnO nanorods on its top (0001)
surface; c¢) and d) are the top and side view, respectively, of the oriented ZnO nanorods
on the top of a single crystal micro-rod.

Upon extending the growth time at 1150°C to 15 minutes, it is shown in Figure
3.2 that the oriented ZnO nanorods get longer and some nanobelts growing out of the side
surfaces of the micro-rods. Higher magnified picture clearly describes the perpendicular
directional growth of the nanobelts (as indicated in the inset in Figure 3.2), where the

nanorods have dimensions of 30-50 nm in diameter and 100-200 nm in length, and

nanobelts of 10-30 nm in width and 300-500 nm in length.
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that the side branched nanobelts would like to grow along six crystallographic equivalent

orientations <01i0>, giving a six-fold symmetric nanowire-nanobelt junction arrays

presented in Figure 3.6.

Figure 3.6 Top view of the well aligned nanowire-nanobelt junction arrays on an
alumina substrate. Inset is a magnified micrograph of a single set of junction arrays with
six-fold symmetric structure feature.

To optimize the desired morphology of the oriented ZnO nanorods, we tested
some more parameters. Figure 3.7 is a typical morphology of the as-prepared nanorods
and nanobelts after 30 minutes’ growth at 1100 °C, where we used only two-thirds the
amount of SnO, used in the other experiments and kept the pressure and argon flow rate
the same. In Figure 3.7a, it is clearly shown that, in addition to the oriented ZnO

nanorods, there are also some ZnO belt networks normal to and in between the oriented

nanorods, as indicated by arrowheads. These networks are parallel to the nanobelts
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Figure 3.7 Typical morphology of the as-synthesized nanorods and nanobelts after
30 minutes’ growth at 1100 °C. a) shows the well-aligned nanorods on a larger surface
area. Nanobelts grown out of the nanorods in a perpendicular direction are also identified,
as indicated by arrowheads. The alignment in the nanobelt directions indicates the
crystallographic-orientation ordering among the nanorods. b) is a magnified view of the
crystallographic-aligned ZnO nanorods arrays.
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directly growing from the side surfaces of the micro-rod base due to the homoepitaxial
orientation relationship™®. Figure 3.7b is a magnified view of the vertically
crystallographic-orientation aligned ZnO nanorods on a ZnO micro-rod, displaying
uniform diameter of ~ 25 nm and height of ~250 nm.

There are two processes for the growth of ZnO nanorods. One is the oxidation of
the reduced and vaporized Zn following the vapor-liquid-solid (VLS) growth process*?;
the other process is the direct deposition of the ZnO vapor (so called vapor-solid (VS)
process). Based on our experimental data presented here and published previously**1%?,
reductions of ZnO and SnO; into Zn and Sn vapors, respectively, are possible in the high
temperature zone. The carrier gas transfers the reduced and vaporized Zn and Sn to the
lower temperature region. The oxidation of Zn vapor and its subsequent deposition onto
the substrate forms single crystal ZnO micro-rods with flat (0001) surfaces.
Simultaneously, Sn vapor would transform to liquid droplets falling down on the surface
of the ZnO micro-rods. Then on these flat planes, dispersed metallic Sn droplets function
as catalysts to guide the oriented growth of ZnO, which in fact is a homoepitaxial process
with the bulk ZnO micro-rods. The oriented nanorods remain an identical orientation

with the micro-rods, resulting in the crystallographic-orientation-aligned growth of the

nanorods on the (0001) surface. On the other hand, the liquid tin droplets in contact with

the side surface of the ZnO micro-rods guide the growth of ZnO nanobelts along <0110>
perpendicular to the ZnO nanorods. A continuous deposition of the Sn vapor at the
growth front results in a continuous increase in the size of the Sn particle, leading to a

continuous increase in the size of the nanorods/nanobelts as growth proceeds.
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Our data suggests that the VLS process is dominant, while the VS process is
supplementary. As presented in Figs 3.1d, where the micro-rods as the growth platforms
are quite rough at the very beginning in between the oriented nanorods and even form
deep notches as if they were etched off upon longer growth time. Then it is expected that,
as the growth time increases, the source materials were being consumed and the supply of
vapors is short, the vapor pressure may fall below the supersaturation threshold required
for the VLS growth. The growth can only be continued by vaporizing the micro-rods
below the nanorods, resulting in the deep notches on micron-rod surfaces.

In summary, by using a simple vapor transport deposition method, well-aligned

ZnO nanorods with six identical facets of {Zi iO} and orientation ordering have been
successfully synthesized. Reduced Sn from SnO, acts as catalysts that guide the aligned
growth of ZnO nanorods. By controlling the growth time at high temperature, nanorods
of uniform lengths have been achieved. By increasing the content of graphite as the
vapor-generating agent, well-aligned nanowire-nanobelt junction arrays have also been
received. This study demonstrates that Sn can be an effective catalyst, which can be used

to grow crystallographic-orientation aligned nanorods.

3.2 VLS mechanism understanding based on
Sn-catalyst for growth of ZnO nanostructures®®
To further probe the crystallographic-orientation alignment phenomena as
described in section 3.1, we investigated in detail the crystallographic relationship
between ZnO nanostructures and Sn particles which functioned as catalysts during the

growth using X-ray diffraction (XRD) analyses and high resolution transmission electron
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microscopy (HRTEM). The high-resolution transmission electron microscopy (HRTEM)

work was carried out using a JEOL-4000EX operated at 400 kV.

Two batches of experiments are designed respectively for the purposes of X-ray
diffraction followed by HRTEM work. Firstly, we use sapphire single crystal substrate
with (0001) orientation for growth of oriented nanorods catalyzed by Sn, which later on
proved to be an ideal sample for XRD analysis as a whole. As inspired by the results
given by XRD analyses, which will be shown in the following section, detailed HRTEM
work has been done for clearly clarifying the catalytic effect that the Sn particle plays

during the orientation aligned growth of ZnO nanowires and nanobelts.

As shown in Figure 3.8 is a typical SEM image of as-grown aligned ZnO
nanorods on sapphire (0001) substrate. It is clearly seen the ZnO nanorods grow normal

to the substrate with spherical Sn ball at the tips.

Figure 3.8 A typical SEM image of as-grown aligned ZnO nanorods on sapphire
(0001) substrate.
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The corresponding X-ray diffraction pattern in Figure 3.9 revealed that only
strong peaks with respect to {0002} showed up, and the [3-Sn peaks are corresponding to
{200}, alumina peaks did not show up because the whole substrate has been covered with
a layer of ZnO nanorods. It is suggested that there must be certain orientation relationship
between ZnO nanorods and their Sn catalysts. To clarify this question, HRTEM

investigation is necessary to be carried out on the crystallographic relationship between

ZnO and Sn.

Vapor-liquid-solid (VLS) process has been an important approach in growth of
quasi-one-dimensional (1D) nanowires and nanotubes (referred to as 1D nanostructures).

In the VLS process, a metal catalyst is rationally chosen. It is generally believed that
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Figure 3.9 A typical X-ray diffraction pattern of as-grown aligned ZnO nanorods on
sapphire (0001) substrate. It is shown there is a specific orientation relationship between
ZnO nanorods and Sn particles on tip.
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the metal particle is a liquid droplet during the growth and its crystal structure in solid
may have no influence on the structure of the nanowires/nanobelts to be grown. Using tin
particle guided growth of ZnO one-dimensional nanostructures as a model system, we
show that the interface between the tin particle and the ZnO nanowires/nanobelts could
be partially crystalline or ordered during the VLS growth although the local growth
temperature is much higher than the melting point of the bulk tin, and the
crystallographic structure and lattice mismatch at the interface is important in defining
the structure characteristics of the grown nanowires/nanobelts. The interface prefers to
take the least lattice mismatch, thus, the crystalline orientation of the tin particle may
determine the growth direction and the side surfaces of the nanowires/nanobelts. The
results may have important impact to understanding the physical chemical process

involved in the VLS growth.

Vapor-liquid-solid (VLS) process has been an important approach in growth of
quasi-one-dimensional (1D) nanowires and nanotubes. In the VLS process, a metal
catalyst is rationally chosen from the phase diagram by identifying a metal that is in
liquid at the growth temperature and serves as the site for adsorbing the incoming
molecules, but the metal does not form a solid solution with the nanowire, thus it is phase
separated at the growth front and leads the growth. The metal liquid droplet serves as a
preferential site for absorption of gas phase reactant. Nanowire growth begins after the
liquid becomes supersaturated in reactant materials and continues as long as the catalyst
alloy remains in a liquid state and the reactant is available.** During the growth, the

catalyst droplet directs the nanowire’s growth direction and defines the diameter of the
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nanowire. Ultimately, the growth terminates when the temperature is below the eutectic
temperature of the catalyst alloy or the reactant is no longer available. As a result, the
nanowires obtained from the VLS process typically have a solid catalyst nanoparticle at
the ends with sizes comparable to diameters of the connected nanowires. Metal particles
such as Au and Fe are effective for growing nanowires of Si**>*?® 111-v compound, 1I-
VI compound, and oxide: such as Au/ZnO*’, Fe/Si0,'*®, Co/Si0,'*°, Ni/Ga,0:™*°, Ga/

Sio,t,

It is generally believed that the metal particle is a liquid droplet during the growth
and its crystal structure in solid may have no influence on the structure of the
nanowires/nanobelts to be grown. In the following study, by using tin particle guided
growth of ZnO 1D nanostructures as a model system, we found that the interface between
the tin particle and the ZnO nanowire/nanobelt could be partially crystalline or ordered
during the VLS growth although the local growth temperature is much higher than the
melting point of the bulk tin, and the crystallographic structure and lattice mismatch at
the interface is important in defining the structure characteristics of the grown
nanowires/nanobelts. The interface prefers to take the least lattice mismatch, thus, the
crystalline orientation of the tin particle may determine the growth direction and the side
surfaces of the nanowires/nanobelts. The results may have important impact to

understanding the physical chemical process involved in the VLS growth.
3.2.1 Sample preparation

The samples used for this study was prepared using a process the same as that in
section 3.1. A mixture of commercial ZnO, SnO, and graphite powders in certain ratio

(Zn:Sn:C = 2:1:1.) was placed in an alumina boat as the source material and positioned at
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the center of the alumina tube. The entire length of the tube furnace is 50 cm. The desired
nanostructures were deposited onto alumina substrate located in a temperature range of
550-600 °C. The high-resolution transmission electron microscopy (HRTEM) work was

carried out using a JEOL-4000EX operated at 400 kV.
3.2.2 Experimental observation

Figure 3.10 is a typical scanning electron microscope (SEM) image, which shows
ZnO nanowires/nanobelts with Sn particles on their tips. Classified from their

morphology, the ZnO nanostructures show wire and belt morphologies. Judged from their

Figure 3.10 A typical SEM image of the Sn guided ZnO nanowires and nanobelts.

corresponding selected area electron diffraction (SAED) patterns, we found that ZnO

nanowires grow along [0001] direction and the nanobelts have two growth directions,

[0110] and [2110]. No matter which growth direction they take, single crystal Sn

particles always exist at their tips, which means that Sn catalyst can guide not only [0001]
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growth ZnO nanostructures, but also [0110] and [21 1 0] growth ZnO nanostructures. In
the follows, we will present the orientation relationships in the neck-interfaces between
Sn particles and the ZnO 1D nanostructures growing along [0001], [0110] and [21 10].

3.2.2.1 Case 1: [0001] nanowires

Figure 3.11(a) and (b) show bright-field and dark-field images of a nanowires
(thickness fringes indicates its wire morphology) with a particle at its tip. The SAED
patterns recorded from the particle, the wire and both the wire and the particle are shown

in Figure 3.11(c), (d) and (e), respectively, and each of them is single crystal. The SAED

pattern of the particle (Figure 3.11(c)) can be indexed as [101]s, pattern of the S8 phase
tin with tetragonal structure (a = 0.5831 nm, ¢ = 0.3182 nm, space group as 14,/amd)™.
The SAED pattern of the wire (Figure 2(d)) belongs to hexagonal ZnO structure with
a=0.3249nm, c=0.5206nm, space group P6smc'**, and can be indexed to be
[2110]zq0 pattern. The bright-field TEM image combined with SAED pattern reveals

that the ZnO nanowire grows along [0001] and its side surfaces are {2110}. The

interface orientation relationship between the ZnO wire and the Sn particle is (020)s, ||

(0001)zn0, [101]sn || [21 10]zn0. Hereafter we index ZnO using the four-axis notation

and the Sn using three-axis nation.

Figure 3.11(f) is a high-resolution electron microscopy (HRTEM) image of the
white rectangle enclosed area in Figure 3.11(a), which depicts the interface structure
between ZnO nanowire and the Sn particle. It is clear that [0001]zn0 is the growth

direction of ZnO nanowire.
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crystallographic equivalent a-axes (<2110>) perpendicular to the nanowire. The top
surface of the nanoblade is the Zn-terminated +c-plane, showing surface steps and
possible secondary growth of nanowires, while the back surface is the oxygen-terminated

—c-plane, which is smooth and inert.

3.4 Substrate atomic-termination induced anisotropic growth**®

Using as-provided Sn as catalyst, a variety of 1D ZnO nanostructures have been
achieved. The three fastest growth directions will lead to a diversity group of hierarchical
complex ZnO nanostructures. A full understanding of physical and chemical phenomena
involved in the growth process is the key for controlled growth of aligned ZnO
nanostructures and complex nanostructures. During the process, there are several
important highlights needed to be mentioned: 1) upon introducing metallic Sn as catalyst,
the ZnO growth becomes complicated, but the three fastest growth directions and specific
wurtzite structured ZnO make the three directional growth of nanostructure in an ordered
way, which in fact is a self-organization process; 2) during the synthesis, there in fact is a
phenomenon of competitive catalyst effect with respect to different growth directions.

For example, upon the growth time increase, more and longer piezoelectric nanobelts

along [2110] or [0110] directions formed in comparison with c-directed nanowires. 3).
Selective catalyst effect of Sn on polar surfaces of ZnO proved that the charged surfaces
could be ultilized for growth of aligned nanowires or nanotrunk islands, which is to be
discussed in the following section.

In the vapor-liquid-solid (VLS) growth, it is generally believed that it is the

catalyst particle at the tip that determines the size and growth rate of the nanowire, and
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the surface termination of the substrate may have little effect on the growth. Controlling
the size of the catalyst particles can effectively control the size of semiconductor
nanowires.” In this section, taking the Sn catalyzed growth of one-dimensional
nanostructures of ZnO on a single crystal ZnO substrate as a model system, we show that

the substrate atomic termination can critically affect the growth rate and morphology of

the grown nanowires in the VLS growth. The growth features on the {2110}, {0110},
and +(0001) surfaces will be elaborated. It is suggested that the interaction between the
surface ionic charge with the catalyst particle is likely responsible for the observed
growth phenomena.

The sample used in this study was prepared using a two-step high temperature
vapor-solid deposition process, which was used for growing the polar surface dominated
nanopropeller arrays of ZnO. The solid vapor deposition here involves using the same
experimental set-up as that for nanojunction arrays. Commercial (Alfa Aesor) ZnO and
SnO; powders, and graphite with molar ratio of 3:4:1.5 were mixed, ground and then
loaded on an alumina boat and positioned at the center of the alumina tube. The
evaporation was conducted at 1100 °C for 60 minutes (step 1) and then up to 1300 °C for
half an hour (step 1) under pressure of 200 mbar. The N, carrier gas flow rate is
controlled at 20 sccm (standard cubic centimeters per minute). The desired structures
grew on a polycrystalline Al,O3 substrate in a temperature zone ranging of 600~700 °C
and 800~900 °C respectively corresponding to lower and higher temperature duration
periods.

The as-grown sample has many large crystals of ZnO formed on the alumina

substrate, and these ZnO crystals serve as the substrate for growing ZnO nanostructures.
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Figure 3.27a shows a typical scanning electron microscopy (SEM) image of a large block
of the as-grown ZnO nanostructures, which appears like a “brush” of 40-50 pum in length,
10-15 pm in width and several micron in thickness. A large ZnO crystal is the substrate
with aligned ZnO nanostructures growing out of the five exposed surfaces and displaying
different growth features. Energy dispersive spectroscopy (EDS) analysis in SEM proves
that the as-grown base and the as-grown nanostructures are ZnO with Sn balls at the tips.
The nanostructures grown at the left- and right-hand side facets are distributed
symmetrically, while the top and bottom surfaces have asymmetrical nanostructures of
different dimensionality and morphology. On the top facet, the grown elements are short
and cone-like trunks of ~1 pym in height and 800 nm in width. While on the bottom
surfaces, uniform nanowires with diameter around 100 nm and height around 2 pm are

grown. Based on our recent study on ZnO nanopropellers the Zn-terminated (0001)

planes is active for nanowire growth, while the oxygen-terminated (OOOi) plane is inert

with Sn guided growth, the top and bottom surfaces in Figure 3.27a are respectively

(0001) and +(0001).
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Figure 3.27 SEM images of the as-synthesized ZnO nanostructures growing out of the
five surfaces of a ZnO substrate. (b-e) Enlarged areas as marked in (a). The asymmetric
growth of nanostructures on the substrate surfaces of different structure characteristics
are presented (see text).

For the nanotrunks grown on the (OOOi) surface, the contact angle between the Sn
ball and the trunk top is ~125 + 5° (Figure 3.27b). Figure 3.27d is the magnified side
view of the as-grown nanowires on the Zn-terminated (0001) surface. The aligned ZnO

nanowires grown out of the Zn-terminated (0001) surface have a uniform diameter of ~

100 nm and length ~ 2 pm, and six side surfaces {2110} (Figure 3.27d). The nanowires
are aligned and they have an epitaxial orientation with the substrate. The contact angle

between the Sn particle and the nanowire growth front is ~150 +5°.
Figure 3.27c shows the well-aligned ZnO nanoribbons growing out of the (2110)
surface of the substrate, with epitaxial growth direction [2110], top and bottom faces

+(0001), and side stepped (0110) surfaces. The width of the nanoribbon is not uniform
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along the entire length. The nanoribbon has the largest width of ~ 300 nm at the contact
point with the substrate, the smallest width of ~10 nm at the contact with the Sn catalyst,

and a length ~ 1 pym. Figure 3.27e shows the normally orientated nanoribbons on the
right-hand side facet of the substrate, which grow along [0110]. It is also shown that the
widths of the nanoribbons along [2110] and [0110] are at the same order of magnitude,

tens of nanometers, and the length of the nanoribbons along [0110] is around 3 pm.
The non-polar surface shows symmetric growth. Figure 3.28 is a top view along

the c-axis of the nanowires grown on a ZnO substrate. It is apparent that the triangular

nanoribbons grown symmetrically on the top and bottom non-polar facets of +(2110).

From Figure 3.28b it was found that the cone trunks formed vertically on the O-

terminated (0001) top surface have roughly faceted side surfaces, defined by {2110} and
displaying hexagon-based pyramid. In Figure 3.28c, the broken triangular nanoribbons
clearly present their rectangular cross-section of ~300 nm in width and ~ 40 nm in

thickness. A closer image at the top surface of the nanoribbon displays a smooth top

surface (Figure 3.28d), corresponding to the chemically sluggish O-terminated (0001)
polar surface of ZnO, in consistence to our previous results.

Figure 3.29a shows another SEM image viewing from the top of the brush

structure. On the top and bottom O-(OOOi) and Zn-(0001) ZnO surfaces, aligned shorter
and wider pyramidal ZnO trunks and longer and narrower hexagonal ZnO nanowires are

grown, respectively. Different
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Figure 3.28 [0001] directional top view of the as-grown ZnO nanostructures, showing
symmetric growth of triangular nanoribbons along +[2110]. (b) A closer top view of the

nanotrunks grown out of the O-terminated (0001 ) ZnO surface, revealing the hexagonal
base contour of nanopyramids; (c) broken triangular nanoribbons showing rectangular
cross sections; (d) smooth top surfaces of triangular nanoribbons corresponding to the O-

terminated (0001 ) polar surface of ZnO.

from the cases in Figs 3.27 and 3.28, the nanoribbons grown on the large (2110)

substrate surface could have a smaller width-to-thickness ratio. The grown nanoribbons

are enclosed by relatively larger and smoother +(0110) surfaces and smaller + (0001)
surfaces. Steps are introduced on the side surfaces, and the nanoribbon becomes sharper
toward the tip (Figure 3.29b). Interval between the nanoribbons is quite regular and the

aligned ribbons are spaced close to periodic (Figure 3.29c).
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Figure 3.29  (a) The as-grown ZnO nanostructures with sparsely covered (211 0) plane

by ZnO nanoribbons; (b) a closer view of the nanoribbons normal to (2110) plane,
indicating nanoribbons with small width-thickness ratio; c) periodically aligned arrays of

ZnO nanoribbons with growth directions [2110] and [0110] on the two surfaces,
respectively.

Based on the SEM image in Figure 3.27, we have calculated the volumes of the
as-grown ZnO nanostructures and the Sn particles covering on unit substrate surface area
of the + (0001) polar surfaces. We assume the nanostructures on both polar surfaces are
uniformly distributed, and the Sn particles are spherical, ZnO nanowires are cylindrical,
and the ZnO pyramidal trunks have a hexagon-base. The estimated volumes of ZnO
nanostructures and Sn catalysts per unit area are: 197 £ 5 (ZnO nanowires) and 600 + 10

nm (Sn catalysts) for the (0001) substrate surface; and 318 + 9 (ZnO pyramidal trunks)
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and 854 * 20 nm (catalyst Sn) for the (OOOi) substrate surface, respectively. The volume
ratio of the ZnO material per unit area on the (0001) and (0001) substrate surfaces is
1:1.6, and the volume ratio of the Sn material per unit area on the (0001) and (0001)

substrate surfaces is 1:1.42. The volume ratios of ZnO:Sn on the (0001) and (0001)
substrate surfaces are 3 and 2.7, respectively, indicating that the sticking rates of the ZnO

vapor onto the Sn surfaces does not have significant difference on the two substrate

surfaces, but the amounts of ZnO and Sn deposited on the (0001) substrate surface are

about 50% more than that onto the (0001) substrate surface, indicating high surface

adsorption rate of Sn onto the (0001) substrate surface.
From Figs 3.27b and d, the contacting angle between the Sn particle and the ZnO

nanowire is ~150° on the Zn-terminated (0001) substrate surface, and is ~125° on the

oxygen-terminated (0001) substrate surface, indicating that the (0001) surface has a
higher degree of wetting contact with the Sn particle than the (0001) surface.

Based on the experimental data presented, a growth model for the ZnO
nanostructure growth on * (0001) polar surfaces is proposed. The entire growth is
dominated by VLS. The Sn catalyst was reduced from SnO, added in the source material.
Thermal reduction of SnO, may result in some charged species and neutral species:

SN0, « xSn?* + (1-x)Sn + 2x0% + (1-x)O-

Where x represents the percentage of charged Sn?* ions after the decomposition.
The charged species may recombine and condense onto the substrate to form a charged
catalyst particle (Sn)*. A neutral Sn particle can also be positively charged since metal
atoms tend to lose electrons. For the Zn?*-terminated (0001) ZnO substrate surface with

positive charges, the positively charged (Sn)* particle has a small repulsion with the
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substrate due to the electrostatic interaction, but it still tends to stick onto the surface due
to a stronger adhesion force. The consequence of the electrostatic repulsion results in a
larger contact angle between the particle and the substrate (Figure 3.30a). The Sn particle
initiates the growth of ZnO nanowire (Figure 3.30b), and the nanowire has an epitaxial

orientation relationship with the substrate due to least lattice mismatch. The nanowire

continues to grow following the VLS growth process (Figure 3.30c).

Figure 3.30 Growth model of the ZnO nanowires on Zn-terminated (0001) polar
surface (a-c) and O-terminated (0001) polar surface (a’-c’) (see text).

For the oxygen-terminated (OOOi) ZnO substrate surface with negative charges,
the attraction between the substrate surface and the positively charged (Sn)” particle
results in a smaller contact angle and larger contact area (Figure 3.30a’). Naturally, there
is less population density of Sn particle on the substrate surface and each of them is
larger. The large Sn particle initiates the growth of nanorods (Figure 3.30b’). As the
growth continue and the distance between the particle and the substrate surface is further

away, the contact area between the particle and the ZnO nanorod may reduce slightly due
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to the reduced electrostatic attraction, possibly resulting in a shrinkage in nanorod size as
the growth proceed, and forming a short nanotrunk with a hexagon-base (Figure 3.30c’).

In comparison to the growth on the (0001) substrate surface, the electrostatic

attraction between the (OOOi) substrate surface and the Sn particles tends to attract a high
density of Sn onto the surface at the early growth stage. These Sn particles are most

effective in attracting the ZnO molecular species, resulting in a higher density of ZnO

deposition on the (000i) substrate surface. But the ratio of ZnO:Sn in each case remains
approximately a constant, as expected from the VLS process in which it is the catalyst

surface that is responsible for adsorbing the incoming molecular species.

For the non-polar +(2110) and +(0110) substrate surfaces, the growth on the

surfaces shows symmetric features and the growth still follows the VLS growth process.
Take the (2110) substrate surface as an example, nanoribbons grow epitaxially on the
substrate and they are enclosed by large +(0110) and small + (0001) surfaces, and a

gradual lateral growth along +[0110] results in a triangular-like shape (See Figure 3.27c).

In summary, Sn catalyzed ZnO nanostructure growth on a single crystal ZnO
substrate has been used as a model system for elaborating the effect of polar surfaces on
VLS growth of nanowires. For the Zn-terminated (0001) substrate surface, due to an

electrostatic repulsion between the Sn particle and the substrate, uniform, long and

epitaxially aligned nanowires have been grown. For the oxygen-terminated (OOOi)
substrate surface, short nanotrunks have been grown, which are attributed to a stronger
adhesion between the substrate and the particle at the initial stage of growth. These

asymmetric growth features are related to the atomic-termination of the substrate, surface
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charges and interface adhesion. But the volume ratio of ZnO:Sn on the two polar surfaces

remains about the same, indicating that the VLS process is dominant. For the non-polar

surfaces such as +(2110) [or #(0110)], symmetric nanoribbons have been grown. The
growth model proposed here might provide some new insight in understanding the

physical chemical process involved in VLS growth.

3.5 Summary
Through a systematic investigation on the Sn-catalyzed ZnO nanostructure, an
improved understanding of the chemical and physical process occurred in the growth of
hierarchical nanostructures has been achieved:

1. By using a simple vapor transport deposition method, well-aligned ZnO

nanorods with six identical facets of {Zi iO} and orientation ordering have been
successfully synthesized. Reduced Sn from SnO; acts as catalysts that guide the
aligned growth of ZnO nanorods. The dimensions and morphological
distribution of nanorods could be tuned by controlling the growth time and the
content of graphite as the vapor-generating agent. It is suggested that Sn can be
an effective catalyst, which can be used to grow crystallographic-orientation
aligned nanorods;

2. Using electron diffraction and high-resolution electron microscopy, we studied
the interface relationship between catalyst Sn particles and their guided ZnO 1D

nanostructures. Tin catalyst not only can guide [0001] growth nanowires, but

also can guide [0110] and [2110] growth nanobelts. The orientation
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relationship between the [0001] growth ZnO nanowire and the single crystal S

phase Sn particle is: (020)s, || (0001)zn0, [101]sn || [21 10]zn0. For nanobelts
growing along [0110] and [2110], the orientation relationships are (200)s; ||

(0110)zn0, [020]sn || [0001]zn0 @nd (200)sn || (21 10)zno, [020]sn || [0001]zno,
respectively. One tin particle can initiate the growth of two 1D nanostructures;
the tin particle is single crystal post the growth and it preserves epitaxial
relationships with the grown nanostructures.

3. Using Sn/ZnO as a model system, we showed that the interfacial region of the
tin particle with the ZnO nanowire/nanobelt could be crystalline or atomically
ordered during the VLS growth, although the local growth temperature is much
higher than the melting point of tin, and it may play a key role in initiating 1D
nanostructure. The interface prefers to take the least lattice mismatch, thus, the
crystalline orientation of the tin particle may determine the growth direction and
the side surfaces of the nanowires/nanobelts.

4. Sn catalyzed ZnO nanostructure growth on a single crystal ZnO substrate has
been used as a model system for elaborating the effect of polar surfaces on VLS
growth of nanowires. For the Zn-terminated (0001) substrate surface, due to an
electrostatic repulsion between the Sn particle and the substrate, uniform, long

and epitaxially aligned nanowires have been grown. For the oxygen-terminated

(OOOi) substrate surface, short nanotrunks have been grown, which are
attributed to a stronger adhesion between the substrate and the particle at the
initial stage of growth. These asymmetric growth features are related to the

atomic-termination of the substrate, surface charges and interface adhesion. But
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the volume ratio of ZnO:Sn on the two polar surfaces remains about the same,

indicating that the VLS process is dominant. For the non-polar surfaces such as

+(2110) [or +(0110)], symmetric nanoribbons have been grown. The growth
model proposed here might provide some new insight in understanding the
physical chemical process involved in VLS growth.

5. By thermal evaporating a mixture of ZnO and SnO,, self-assembled nanowire-
nanoribbon junction arrays of ZnO have been synthesized. The growth is
dominated by the VLS mechanism and Sn particles reduced from SnO, serve as
the catalyst for the growth. The axial nanowires (the “rattans™) are the result of

fast growth along [0001], and the surrounding “tadpole-like” nanoribbons are

the growth along [1010]. An isotropic growth along six [1010] results in the
ordered radial distribution of the nanoribbons around the axial nanowire. The
junction arrays of ZnO structures reported here are likely to have ultra-high
surface sensitivity due to the unique structure, and they are a candidate for
building sensors with ultra-high sensitivity. It may be possible that, through
further adjustment of synthesis parameters including temperature, pressure,
source composition, etc., more perfectly and orderly self-assembled junction
arrays could be prepared.

6. A two-step high temperature solid-vapor deposition process has been
successfully used for achieving polar surface dominated ZnO nanopropeller

arrays. The axis of the nanopropellers is a straight nanowire along the c-axis and
enclosed by {2110} surfaces; the six-fold symmetric nanoblades are later

formed along the crystallographic equivalent a-axes (<2110>) perpendicular to
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the nanowire. The top surface of the nanoblade is the Zn-terminated +c-plane,
showing surface steps and possible secondary growth of nanowires, while the

back surface is the oxygen-terminated —c-plane, which is smooth and inert.
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