MISSOURI

S&l

Library and

Learning Resources Scholars' Mine
Doctoral Dissertations Student Theses and Dissertations
Summer 2008

Characterization and synthesis of nanoscale materials

Jinfeng Wang

Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations

b Part of the Physics Commons
Department: Physics

Recommended Citation

Wang, Jinfeng, "Characterization and synthesis of nanoscale materials" (2008). Doctoral Dissertations.
2141.

https://scholarsmine.mst.edu/doctoral_dissertations/2141

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/doctoral_dissertations
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/doctoral_dissertations?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F2141&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/193?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F2141&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/doctoral_dissertations/2141?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F2141&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

CHARACTERIZATION AND SYNTHESIS OF NANOSCALE MATERIALS

by

JINFENG WANG

A DISSERTATION
Presented to the Faculty of the Graduate Schools of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY
AND
UNIVERSITY OF MISSOURI-ST. LOUIS

In Partial Fulfillment of the Requirementsfor the Degree

DOCTOR OF PHILOSOPHY
In
PHYSICS
2008

Approved by

Phil Fraundorf, Chair
George D. Waddill, Co-Chair
JingyuelLiu
F. Scott Miller
Bernard J. Feldman
Paul E. Parris



00 2008
JINFENG WANG
All Rights Reserved



768.

ii
PUBLICATION DISSERTATION OPTION

This dissertation consists of the following artscle

Pages 52-64 are going to submit to Journal of Nanhoiology.
Pages 65-81 are going to submit to Journal of Nstesl

Pages 82-95 are going to submit to Journal of AdedrMaterials.
Pages 96-103 are going to submit to Journal of Aded Materials.

Pages 117-128 are published in Journal of Microgeou Microanalysis 2007 pp



ABSTRACT

This dissertation focuses on the systematic study techniques for
characterization and synthesis of nanoscale mitevie have achieved several goals.

Firstly, high number density uniform zinc oxide patructure growth has been
achieved using thermal evaporation, through contfoexperimental parameters that
include source material temperature, substrate ¢egiyre, substrate material, gas flow
rate, and choice of catalyst. Aligned zinc oxideowires, randomly oriented zinc oxide
nanowires, zinc oxide container-shaped structuard, zinc oxide nanobelts have been
synthesized with high yield.

Secondly, using a one parameter family of lattigege geometry curves, we
show how to examine the epitaxial relationship et catalyst particles and a
cylindrical support. Using digital darkfield teclgoies, this investigation can be
automated.

Thirdly, the structure relationship between catalgarticles and zinc oxide
nanowires has been investigated using scanning lagth resolution scanning
transmission electron microscopes. A vapor-soliddisgrowth model involving a
hexagonal array of aligned growth regions is prepas zinc oxide nanowire formation.
Evidence indicates in particular that gold catalgatticles remain solid during ZnO
nanowire growth.

Finally, the effect of tin catalyst thickness omastructure formation has been
investigated. The catalyst abundance on the subdtes a direct impact on its ability to
absorb ZnO. The thicker coated substrates can lalbsore source vapor, and form larger

structures, than can thinner coated substrates.
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1. INTRODUCTION

1.1. NANOSCIENCE AND NANOTECHNOLOGY

Generally, nanomaterials are defined by componteattsires whose dimensions
are within 1-100nm (Rosei 2004). Nanoscience ifuhdamental study of nanomaterials,
and nanotechnology is comprised of techniques Famirtcreation and application
(Ebbesen et al. 2006). In the past decade, namascend nanotechnology have become
rapidly growing research and development fieldsyrare beginning to change daily life.
Their techniques are used for manufacturing, medjcisecurity, defense, energy
production and storage, environmental managemeahsportation, communication,
computation and education (Correia et al. 2007)andscience is a multidisciplinary
science, rather than an individual science, whietwd many traditional sciences together.
Fields that exhibit new life as a result includgla physics, material science, interface
and colloid science, device physics, supramolecab@mistry, chemical engineering,
mechanical engineering, biological engineering, @ledtrical engineering.

Nanoscience is an old science, which can be trablett to early 19 century
(Faraday 1857). Richard Feynman in 1959 gave a dantalk titled “There is plenty
room at the bottom”. In his talk, he predicted thath the help of new experimental
techniques and instruments, the building blocksafter can be visualized and modified
with atomic precision. In 1974, Taniguchi defineénntechnology as processing,
consolidation, and deformation of materials by at@m or by one molecule (Taniguchi
1974). The first nanotechnology application wasemtion of the scanning tunneling

microscope (STM) in 1986 by Binning and Rohrer.tekdBM Company used STM to



spell “IBM” letters using STM. It is the first timéiumans used the instrument to
manipulate one atom at a time. Sophisticated imstnis for characterization and
manipulation such as scanning electron microsctysmission electron microscopy,
and scanning probe microscopy are now availablerésearchers to approach the
nanoworld. With deeper understanding of the nantmyormore and more

nanotechnologies are being applied in our everydayThe vision of nanotechnology
advances broad societal goals, such as improvedrstadding of nature extending the

potential of the human creativity (Roco 2003).

1.2. NANOSCALE MATERIAL APPLICATIONS

A wide variety of nanostructures have already bebserved and utilized.
According to shape and size, nanostructures carsdparated into three different
categories. The first category is zero dimensiosfilctures. Quantum dots or
nanoparticles are usually put in this category. $beond category is one dimensional
nanostructures, which includes nanowires, nanoradd, nanotubes. The third is two
dimensional nanostructures, which includes thimgil nanoribbons and nanobelts.
Nanostructures have features in between of thodeulld materials and single atoms.
Nanomaterial properties are significantly differeinom those of atoms and bulk
materials. Nanoscale materials have a large fracticurface atoms, high surface energy,
spatial confinement, and reduced imperfections (2@@4). When nanomaterial sizes
are comparable to the Debye length, the entire nmbtes affected by its surface
properties (Ogawa et al. 1982). For example, metafinoparticles can be used as active
catalysts. Chemical sensors which are made of rmatides and nanowires may have

high sensitivity and sensor selectivity. Energydatructures and charge carrier density



also modify the electrical and optical propertiésr example, nanoparticle and nanowire
lasers and light emitting diodes (LED) are verympising in future optoelectronics.
Control of imperfections can have profound effemisthe mechanical properties on the
nanostructures. For example, carbon nanotubes kaperior mechanical properties.
Nanostructure properties are summarized in theeTladlow.

These properties have drawn much attention due h&r twide ranging
applications. Nanowires can be appliednianophotonics, lasers, nanoelectronics, solar
cells, resonators and high sensitivity sensors. oNarticles can be used as catalysts,
functional coatings, nanoelectronics, energy s@radrug delivery and biomedicines.
Nanostructured thin films can be used in light éngtdevices, displays and high efficiency
photovoltaics.

Here, this dissertation focuses on two special memerials, namely carbon
nanotubes and metal oxide wires.

1.2.1. Carbon nanotube applications Carbon nanotubes were discovered by Sumio
lijima in 1991 (lijima 1991). The diameter of tharbon nanotube is on the order of few
nanometers, and the length is up to few millimetBspending on the number of wall
layers, carbon nanotubes fall into two differentegaries. One is the single walled
carbon nanotube (SWCNT). The other one is the mmndtied carbon nanotube
(MWCNT). The diameter of single walled carbon namets is usually between 1 and 5
nm. It is defined by the rolling one atomic layéigoaphene into a cylinder. Multi walled
carbon nanotubes involve the wrapping of more tbae layer of graphene together.
Depending on the wrapping direction, single walkadbon nanotubes are classified as

zigzag, armchair and chiral (Dresselhaus et al6199



Table 1.1 Catalytic, electrical, magnetic, mechanical, opfisterical and biological
advantages of nanomaterials (Cao 2004).

Properties Examples

Catalytic Better catalytic efficiency through higlsirface-to-volume ratio

Electrical Increased electrical conductivity imammic and magnetic
nanocomposites, increased electric resistance talsne

Magnetic Increased magnetic coercivity up to a critical grsize,
superparamagetic properties

Mechanical Improved hardness and toughness of metals andsaliiogtility and
superplasticity of ceramics

Optical Spectral shift optical absorption and fluorescemgerties,

increased quantum efficiency of semiconductor afgst

Sterical (spatial
arrangement of
atoms in
molecules)

Increased selectivity, hollow spheres for spedalfieg transportation
and controlled release

Biological

Increased permeability through biological barriargroved
biocompatibility




Carbon nanotubes have plenty of special propertiecluding mechanical
properties, thermal properties, and electrical progs. Carbon nanotubes are strong and
stiff compared to other materials. They have gdwetrhal conductivity. Depending on
their chirality, single walled carbon nanotubes ibithmetallic and semiconducting
behavior (Hamada et al. 1992; Saito et al. 1992r®dt al. 1998; Wildoer et al. 1998).
Because of these unique properties, many reseadtll@/elopment opportunities have
emerged in the past few years. Carbon nanotubebearsed as a bridge in field effect
transistors to connect the source and drain tedm{ians et al. 1998). Carbon nanotubes
have atomic robustness, and an ability to carry emourrent than conventional
semiconductors by size at room temperature. Dué¢hi® special property, carbon
nanotubes may be used in channels or gates inefgi@ctronics (Chen et al. 2006).
Carbon nanotube based gas sensors have highetisgndaster response, and lower
operating temperature than other gas sensors (Kbngl. 2000; Kong et al. 2001,
Cantalini et al. 2003; Li et al. 2003a; Pengfeiakt2003; Snow et al. 2005). Carbon
nanotubes can be functionalized to use as biosenRecently, experiments have been
conducted to fabricate nano devices with carborotdues incorporated into electronic
circuits, to work faster and with less power conptian (Lin et al. 2005a).

Due to their cylindrical structure, carbon nanotulwan also be used as drug
delivery capsules. Carbon nanotubes are called itmhgllets” for carrying drugs
(Couvreur et al. 2006). Attaching the drug to theer tube wall, or inserting it in particle
form, the drug may be released at particular safesy transport (Gasparac et al. 2004;

Kim et al. 2005).



Recently, people have used carbon nanotubes insfeearbon black to attach
catalyst particles like Pt or Pt-Ru, to generate/gier more efficiently (Han et al. 2004a;
Xing et al. 2004; Ye et al. 2004; Gu et al. 200% ket al. 2005b; Chien et al. 2006;
Remita et al. 2006; Guo et al. 2008). Direct meth&mel cells use methanol as the fuel,
because of the easy storage. Energy is generateghotion at the cathode. Traditionally,
metal catalysts are supported by carbon black. iRgcemore and more fuel cell
experiments use multi walled carbon nanotubes ppat catalyst particles and increase
fuel cell performance. Carbon nanotubes can begdedi for specific catalyst size
distributions. Li (2002) reported that higher nmaym power density (47%) was
produced using carbon nanotubes than using carlack. b

Techniques have been developed to synthesize cadmwtubes directly. Carbon
nanotubes can be made through arc discharge (11i9%d), chemical vapor deposition
(Joseyacaman et al. 1993), and laser ablation (&Gual. 1995a; Guo et al. 1995b)
methods. Large quantities of carbon nanotubes eamdde using these techniques. A

comparison of carbon nanotube synthesis technigwsdswn in Table 1.2.



Table 1.2. Carbon nanotube synthesis methods (Guo et aha)99

Chemical vapor Laser ablation

Arc dischar ge method deposition (vaporization)

Blast graphite with intense
Place substrate in oven, hedaser pulses; use the laser
Connect two graphite rods to 600 C, and slowly add a pulses rather than electricity
to a power supply, place| carbon-bearing gas such aso generate carbon gas from

them millimeters apart, and methane. As gas which the nanotubes form;
throw switch. At 100 amps, decomposes it frees up | try various conditions until
carbon vaporizes in hot carbon atoms, which | hit on one that produces
plasma. recombine in the form of | prodigious amounts of
nanotubes single wall carbon
nanotubes

Primarily single wall carbon
nanotubes, with a large
diameter range that can beg
controlled by varying the
reaction temperature

Can produce single wall
carbon nanotube and multi Easiest to scale to industria
wall carbon nanotubes with production; long length
few structural defects

Nanotubes are usually multiBy far the most costly,

Tubes tend to be short with ) .

. .| wall carbon nanotubes and because requires expensive
random sizes and directions : .
often riddled with defects | lasers

1.2.2. Zinc oxide nanostructure applications Zinc oxide nanostructures have plenty of
applications in electronics, optics and photoniags tb its wide band gap of 3.37eV and
exciton binging energy of ~60meV, which permits &xuic emission at room
temperature and above (Wang 2004; Vlasenko et(Qfl5)2 In our experiments, zinc
oxide nanowires, nanobelts, hollow spheres andlecalfiped structures have been
fabricated and will be discussed later. Zinc oxid@ostructures can be applied to room-
temperature ultraviolet (UV) lasers and blue lightitting devices (Bagnall et al. 1997;
Service 1997; Cao et al. 2000; Huang et al. 200ilaet al. 2003a), UV photodetectors
(Kind et al. 2002), sensors (Shibata et al. 200&zMér et al. 2003), photocatalysts

(Yumoto et al. 1999), solar cell (Keis et al. 1998gra et al. 2000; Law et al. 2005),



nanogenerators (Wang et al. 2007b), and field eomssevices (Lee et al. 2002; Zhu et

al. 2003). We will talk more about zinc oxide namostures in chapter 2 and 4.

1.2.3. Other metal oxide nanostructure applications Tin oxide nanowires have been
synthesized in our system, as shown in Figure Bdsides nanowires, various tin oxide
nanostructures have been synthesized by many granglading tin oxide nanorods
(Cheng et al. 2004), tin oxide nanotubes (Steinéagl. 2004), and tin oxide nanobelts
(Pan et al. 2001). Deng and Lee recently reportadgutin oxide nanopatrticles to
assemble a highly ordered nanostructure with holtmre shell mesospheres. These
nanostructures can be utilized for high capacityidm storage (Zhang et al. 2006a; Deng
et al. 2008). The size of the tin oxide nanopagticis very important for the lithium
battery performance, where the nanoparticles haeatgr cyclability than micro tin
oxide particles (Young et al. 2006). Mesoporousotiide nanostructure is considered to
be a good gas sensor candidate. Because this sesstow electrical resistance, the gas
sensitivity is significantly improved (Shimizu etl. a2004). Patterned tin oxide
nanostructures are efficient field emission anddfiemission based flat panel displays

(Zhang et al. 2006b).
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Figure 1.1. SEM image of tin oxide nanowires.

Silicon oxide nanowires have plenty of applicatiehge to their semiconductor
property and controllable dopant type and concéatrgCui et al. 2000; Cui et al. 2001a;
Duan et al. 2001). They can be used as high semsitid selective detection sensors for
biological and chemical species (Cui et al. 2001)icon oxide nanowires can be
applied in field effect transistors, because oftadlable hole and electron doping (Cui et
al. 2003). Silicon oxide nanowires are synthesiredur system as shown in Figure 1.2.
Silica nanotubes have been fabricated using thelsgenmethod (Fan et al. 2007). Silica
nanotube inter wall and outer walls are hydrophilibe nanotube is easy to form by
colloidal suspension, and has good accessibilitystoface functionalization. Modified
silica nanotubes have good potential applicationdip-separation and bio-catalysis
(Mitchell et al. 2002). Silica nanotubes are a psing dielectric material for
nanoelectronics applications because of their l@ledtric constant (Kovtyukhova et al.

2003).
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Besides the nanostructures mentioned above, themaany metal nanostructures
and semiconductor nanostructures that have beesstigated. Most of these have

potential applications.

1.3. SYNTHESISTECHNIQUES

Metal oxide nanostructures have been studied extdps Typically, there are
two categories of fabrication. One is the “bottom’ wechnique using vapor phase
deposition. The other one is a so called “top-dowethnique using lithography, and
externally controlled tools to cut, etch, mill, arsthape the materials into desired

nanoscale objects.

Several approaches have been well established wisiElvapor phase deposition,
including chemical vapor deposition and physicaporadeposition. Physical vapor
deposition historically was used to make thin filrReysical vapor deposition is also able

to prepare atomic or nanometer scale, by carefulitmang of process conditions (Tjong
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et al. 2004). Physical vapor deposition includeapevation, sputtering, cathodic arc
discharge, laser or ion beam ablation (Singh e2@05). Thermal evaporation generates
source vapor using a furnace, and facilitates #position of nanostructures. Zinc oxide
nanowires (Huang et al. 2001a), zinc oxide nanooififao et al. 2005), zinc oxide
nanorings (Hughes et al. 2005), and zinc oxide belt® (Pan et al. 2001) have been
fabricated successfully using thermal evaporatidme sputtering process uses electron
ions to eject the target and generate atoms. Spu#thods have been used to synthesize
one dimensional nanostructures, like tungsten malso(Karabacak et al. 2003), silicon
nanowires (Marsen et al. 1999), boron nanowire® (€aal. 2001; Cao et al. 2002), and
carbon nitride nanotubulite (Suenaga et al. 19@@hodic arc discharge was used to
synthesize carbon nanotubes in 1993 (Bethune €t983; lijima et al. 1993). This
method is still useful in carbon related nanostrceetabrication.

Laser ablation, a method that combines laser ablafuster formation and vapor
liquid solid growth was also developed for the &gsis of semiconductor nanowires.
Traditionally, this method was used for thin filmating (Dijkkamp et al. 1987). It uses a
laser gun to ablate targets within a quartz furniade with appropriate temperature,
pressure, and residence time. Various nanostrisctuege been synthesized using this
method (Morales et al. 1998; Lauhon et al. 2002 etaal. 2004Db).

Chemical vapor deposition (CVD) is a more complegthnd, compared with
physical vapor deposition. There are a lot of défe kinds of chemical vapor deposition
methods. Our method uses the gas phase of souteeatsato form solid state products
with help from the carrying gas. Depending on therating pressure, the method can be

classified as atmospheric pressure chemical CVy pwessure CVD or ultrahigh
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vacuum CVD. Also there are plasma assisted CVDahwmganic CVD, and hot wire

CVD. Many high purity nanostructures have been iabed using chemical vapor
deposition methods. These include tungsten oxidewiaes (Wang et al. 2007a), zinc
oxide nanopatrticles (Guan et al. 2008b), carborotdres (Cao et al. 2007), tin oxide
nanowires (Zeng et al. 2007), zinc oxide nanow{i&®i et al. 2007a), and aluminum-
nitride nanowires (Tang et al. 2005).

It is hard to synthesize some nanoscale materiaéstty using vapor phase
methods, like metal nanostructures and multi coreptsisemiconductor nanostructures.
Gold, silver, platinum nanowires have been syn#teesusing a solution method (Xia et
al. 2003). Some multi component structures alsonaade by a solution phase method
(Urban et al. 2002; Bu et al. 2004). The advant#gée wet chemistry method is that a
large amount fabrication can be achieved. The smadge is that the purity is not as
good as vapor phase synthesis. So contaminatechsllenge for this technique.

Lithography is an important method for the semiaartdr industry. Traditionally
lithography is a technique for printing on smoothfaces. The image is created after
chemical processing. This technique is well appiiechanoscale materials synthesis,
especially in semiconductor microchip manufactuang MEMS devices. The technique
involves using photocatalysts (Lee et al. 2004¢tebns (Balaur et al. 2004), ions, or an
atomic force microscope (Xu et al. 1997) to forrdesigned pattern on a substrate, then
through etching or depositing materials on the am@fto get the desired shape. JiO
tubes (Lai et al. 2008), graphitic wires (Takaakt2007), anodic aluminum oxide pillars

(Lee et al. 2005), zinc and zinc oxide particleud® et al. 2008a) have all been
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synthesized by lithography methods. Regular pagtemanostructures play a central role
in artificial systems such as sensors, optoelertsamnd emissions.

Among all the synthesis methods, thermal evaparasidhe most popular method
because of the low cost, high purity, and easypséfde used the thermal evaporation
method to synthesize zinc oxide nanowires, zind®xianobelts, and tin oxide nanowires
successfully as shown in Figure 1.3 and 1.4. We gkt antimony doped tin oxide

nanostructures, which will be illustrated in thgpapdix.

Figure1.3
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Figure 1.4.SEM image of ZnO hollow spheres (2007, J. Liu).

1.4. CHARACTERIZATION TECHNIQUES

Proper tools are needed to study and “see” narostalerials. Several tools have
been developed for imaging atomic size structumesluding electron microscopy,
scanning probe microscopy, and X-ray diffractiocht@que. X-ray diffraction (XRD) is
very useful on crystalline materials. X-ray diffian provides information on the
crystallographic structure, chemical compositiang ahysical properties of materials and
thin films. X-ray beams are scattered after inténgcwith the sample. The scattered
intensity is a function of the incident and scatteangle, polarization, and wavelength or
energy. Small single crystal structure informatoam be determined by X-ray diffraction
directly. Powder sample crystal structure and atysize information can be obtained
from the powder method (Warren 1992).

Scanning probe microscopes are microscopes thaplugacal scanning tips or

cantilevers to visualize the sample surface. Wiendantilever is close to the sample

surface, forces between cantilever and sampldest to the deflection of the cantilever.
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The deflection is measured by the laser spot. Bpedraphy of the sample surface is
formed from the laser signal (Meyer et al. 2003).

In this work, scanning electron microscopy (SEMXY a@nansmission electron
microscopy (TEM) were used for nanoscale matedassacterization. SEM gives a good
view of structure size and shape. TEM gives spetiewystallography structures and
detailed specimen morphology. A simplified illustoa of the image forming processes

in SEM and TEM is shown in Figure 1.5.

<+—Electron gun <4— Electron gun

<+Condenser lens <+ Condenser lens

<— Specimen

<«—Objective lens
<— Objective lens

< Projective lens
Q<— Detector

<+—Specimen <4—Screen

Figure 1.5: Diagram shows that scanning electron microscdgi) @nd transmission
electron microscope (right).

SEM is a key technique for assessing minimum feadize in nanoscale materials
research. The fine imaging capability depends enviavelength of the electrons being
much less than the feature size. For SEM, the relecbeam is shaped by an
electromagnetic condenser lens and focused on samypbbjective lens. 1-30kV is the
usual acceleration voltage range. The electron calptsystem is comprised of

electromagnetic coils surrounding the column. Tdm$ed spot is scanned on the sample
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surface, and secondary electrons as well as batiszh electrons emitted by the
specimen are detected. The final image is formeddoybining the position information
from the scanning coil driver with the detectorrsi The resolution of SEM is several
nanometers. The information on chemical composittan be obtained from energy
dispersive x-ray spectroscopy (EDS). SEM is verypamant for us to evaluate the

experimental parameters and design the next roxjperienents.

Full scale =3 counts/s Cursor:

keV

Figure 1.6. EDX spectrum shows the chemical composition ofsihecimen.

Tungsten hairpin, LaB and field emission source could be utilized as
transmission electron microscope electron gun. Mifstecent transmission electron
microscopes are using field emission source aguhesource duet to the high brightness,
high coherent electron emission. The acceleratioitage in TEM is 200-400kV for
materials science work. Electrons go through thepda and form images on a
fluorescent screen. The image is recorded by CQObeca or negatives. The crystal
structure and crystal quality information can beaoted by TEM imaging and electron
diffraction patterns. If the material is crysta#i diffraction patterns give reciprocal

lattice information.
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For any Bravais lattice, three numbers serve t@exndeneric lattice planes
{h,k,I} and directiongu,v,w) . Specific planes and zones are denoted with rant
squre brackets, respectively. For hexagonal strestufour-number Miller-Bravais
indices{h,k,—h—-k,| Jare sometimes used to highlight symmetries inatbeplane. The
redundant third of four indecies may also be regflawith a dot.

The reciprocal lattice vectofh,k,I gan be written asha +kb +Ic” if the
reciprocal-lattice basis-vector agé,b” andc . For hexagonal crystals this may also be

written in terms of the direct-lattice basis-vestérb and¢ as

2 2 - 1
(2h+ k)d + ——(h+ 2k)b+ S (1)e.

(hki) = ha* | .IE'!IJ_": | let = E 302 -2

]

Hence lattice indices of the perpendicular to pléhkd} can be written, in

suitably normalized form, g2h+k,h+ Z<,Ig (3)2>. Lattice directions for the same
c

plane are sometimes also written with four indiesgh, k,—h—k,| (g)(§)2> (Edington
c

1976). Because this latter convention mixes diaect reciprocal basis vector coefficients,

we will avoid it where possible.

1.5. TARGETSOF THE THESIS

In this thesis, the work is focused on charactéomaand synthesis including
carbon nanotubes and zinc oxide nanostructuremagUSEM and TEM, we try to
understand the atomic structures of these nanastasc More importantly, we want to
understand the nanoscale material formation meshmemjias this can be crucial for large

scale manufacturing.
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In chapter 2, we discuss synthesis process. Aaugitdi our experimental results,
we have gained a better understanding of nanoateu€abrication techniques. Here we
mainly discuss the thermal evaporation method haceffect of experimental parameters
on the final products, like source material tempeey substrate temperature, substrate
material, and catalyst effects.

If we attach catalyst particles to nanotubes orsydbe orientation may affect
catalytic activities. Hence the orientation relaship between catalyst particles and
carbon nanotubes is important. In chapter 3, weillvistrate new strategies to determine
this.

Various zinc oxide nanostructures have been syizég@t UM-St. Louis. Then
atomic structure is investigated using high resofutscanning transmission electron
microscopy. From this work, we try to understanel fitymation mechanism in chapter 4,
when we discuss the relationship between catahghanostructures.

From this work, we gain some new partial understepthut there remain many
uncertainties. In chapter 5, we will discuss thialilties and challenges, and illustrate

with additional data.
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2. ZINC OXIDE NANOSTRUCTURES AND SYNTHESIS
TECHNIQUES

2.1. ZINC OXIDE NANOSCALE MATERIALS

Zinc oxide exists as a white powder, and also acas the mineral zincite in
nature. Zinc oxide melts at about 1975°C and hasxagonal wurtzite structure with
lattice constant a=3.2494 and ¢=5.2038 Angstrorayniging to space group iPéc.
Figure 1 shows a diagram of this structure. ltamposed of two alternating layers of
Zn** and G atoms tetrahedrally bonded to each other. Thiscsire is a non-

centrosymmetric structure, with polarization alahg c axis: a positively-charged Zn
terminated surfac€0001)and negatively-charged O terminated surf@@®1). This

structure results in zinc oxide piezoelectricitytgntially usefully in nanogenerators
(Wang et al. 2007b).

Zinc oxide is a promising wide band inorganic sematuctor, and has significant
applications in optoelectronics (Huang et al. 2Z00photonics (Choy et al. 2003), and
sensors (Govender et al. 2002). Zinc oxide is dnéhe richest morphologies in the
inorganic semiconductor family (Wang et al. 2004b).

Various zinc oxide nanostructures have been fatedcancluding wires or rods
(Gao et al. 2003a), belts (Pan et al. 2001), céGes et al. 2003b), spirals (Kong et al.
2004b), rings (Kong et al. 2004a), and so on. T@seoxide nanostructures have novel
applications in optoelectronics, sensors, transduaed biomedical sciences (Tatsuyama

et al. 1976; Jin et al. 1988; Wang 2004).
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Figure 2.1 The diagram of zinc oxide structure using Diamorsbfiware.

o}

2.2. SYNTHESISMETHODS

Various methods have been used to synthesize zide manostructures. These
include catalytic growth via the vapor liquid sohtechanism, thermal evaporation, and
wet chemistry processes. Among these synthesisoa&tivapor evaporation is a simple
and low cost method. Thermal evaporation is a @m®de vaporize source materials at
certain temperature and condense the vapor phaseesmaterials to form the desired
products. The reactions take place in a horizonté furnace as shown in Figure 2,
which shows the tube furnace, an alumina tube,sasg@ply system, and a pumping
system. The tube is sealed by Teflon stoppers.céimger gas comes in from the left end

of the tube and exhausts to the right end. Souatennls are located in the center of the
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tube furnace. All the substrates are loaded atawer temperature zone downstream of

the gas flow direction.

Source material substrates

%

!

Argon Gas

Figure 2.2 The diagram of the synthesis setup. HTZ, MTZ, LT&am high temperature
zone, middle temperature region and low temperatg®en.

Several parameters including source material teatpes, substrate temperatures,
experimental time, total and partial pressure enttibe and gas flow rate control the final
products (Dai et al. 2003).

The furnace temperature has been calibrated usthgreno couple as shown in
the Figure below.

This temperature profile guides loading of the seumaterial and substrates at
specific temperature regions.

ZnO has a high melting point, but can be vaporimegh lower than 1975°C with
the help of carbon black. At 1000°C, ZnO reacthiwédrbon or carbon monoxide in the

center of the furnace.
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Figure 2.3 The tube furnace temperature profile distribution.

Zn0+C - Zn+CO

Zn0+CO - Zn+CO,

Zn0O+ (1-x)C - ZnO, + (1-x)CO
ZnO+ (1-x)CO - ZnO, + (1-x)CO,
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After the reaction, zinc and zinc oxide vapor maweooler temperature zones

with the carrier gas. Zinc vapor has this reactath carbon oxides in the cooler

temperature zones:

/n+CO - ZnO+C
2Zn+CO, - 2Zn0+C
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2.2.1. Source temperature effect Source material temperature will determine source
material vapor pressure. The vapor pressure ineseagoonentially with source material
temperature (Ye et al. 2005). High source tempegatwill result in more nanostructure
growth on the substrates than low source tempestdrhe size and shape of the final
products structures will also change accordinglystairce material temperature. The
source material needs to be hot enough to evapdbaidhe other hand, source vapor
nucleates uniformly if a large amount of sourceeanat deposits simultaneously. Chen et
al. report that there are no ZnO products at simjetemperatures below 900°C. And at
1200°C, zinc oxide powders tend to form. The optmtemperature is around 1100°C,
where the growth rate and resultant yield of namietiires is best (Chen et al. 2004).

Different materials systems have different optimpanameter settings, including
temperature. In order to find the optimum tempertto get uniformly distributed
products, we tested our system using various testyrers. We put the same amount of
commercial ZnO and carbon black (Alfa Aesar Compantp a crucible boat as source
materials, and loaded them at the center of the futmace. Then we set the argon gas
flow rate at 15 sccm (standard cubic centimetersnpieute). The system is heated to
final temperature with ramping rate at 30°C/min@ee experiment set final temperature
at 1100°C, and the other experiment set it at ah600°C. We kept the system at the
temperature for about 1 hour, then cooled dowrs¥séem naturally.

At 1100°C temperature, very differently shapeddtites were synthesized as we

moved from high to low substrate temperature regias shown in Figure 4.



Figure 2.4 SEM image shows that zinc oxide cone and combeshpmducts fabricated

at source temperature of 1100°C. (a) and (b) wemngbeshape structures formed at 900°C
region. (c) and (d) were hexagonal cone shapetatescformed at 700°C region (2007, J.
Liu).

Under similar experiment conditions with the firtemperature at 1000°C, we
found that uniformly distributed zinc oxide nanoggrnucleate in substrate temperature

zone between 600°C-800°C.



Figure 2.5 Low magnifmagrﬁﬁéation SEM imagghow uniform zinc
oxide nanowires synthesized using 1000°C cond{@®97, J. Liu).

2.2.2. Substrate temperature effect In different substrate temperature zones, different
zinc oxide nanostructures are obtained in the sawveporation experiment. Such
morphological evolution has been observed by ségeoaips. Li reported that zinc oxide
nanostructures change with substrate temperatueoriiges were reported at 900°C. At
790°C-850°C region, well vertical aligned high dgnginc oxide nanorods are observed
at this region. At 650°C-750°C, an array of nantwahorods junction is obtained. At
550°C-630°C, zinc oxide nanotips formed at thisoegBelow 550°C, there is no clear
crystal structures expect crystalline films areestded (Li et al. 2006). Umar (2007)
reported zinc oxide morphologies evolution as wAl.470°C-515°C zone, pyramidal
tower shaped zinc oxide nanostructures were rephoAe515°C-555°C zone, hexagonal
faceted zinc oxide nanorods were found. At 555°0%68zone, zinc oxide nanowires

attached to nanosheets are observed here.

ZnO morphological evolution is also shown in ourpesments. Different
experimental setups may have different temperatorees for these structures. In our

system, we found that film structures were depdséeound 900°C-95@. Nanobelts
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were found in the 600°C-85C and nanowires were found below 6@0as shown in

Figure 6. Of course, different gas flow rates &l8o have an effect on the structures at a
given substrate temperature. Besides the substraigerature, the heating rate may also
influence the initial nucleation and hence the diitg of final products. Higher heating

rates may also make the final products more homames

Figure 2.6 (A) ZnO film like structures form at 900°C-950°€gion, (B) ZnO ribbon or
belt shape structures nucleate at 600°C-850°C, @j)d ZnO nanowires form at
temperature below 600°C.

2.2.3. Gas flow rate effect Chen et al. claimed that with a nitrogen gas flaterof 70
sccm (standard cubic centimeter per minute), fin® Zetrapods grew on the inner wall of

the quartz tube (temperature range of 950°C-980MEgn the flow rate of Nitrogen was

turned to 90-100 sccm, ZnO nanowires were formestead of tetrapods. The dark grey
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Zn nanowires were formed as Nitrogen flow rateeased to 150 sccm or more (Chen et
al. 2005). Kong et al. reported that ZnO nanowignters become bigger with higher
gas flow rate (Kong et al. 2006). ZnS nanostructaggphologies are highly influenced
by the gas flow rate. In the 850°C substrate regmgher gas flow rates were reported to
increase the density of the nanowires. At 950°@rge quantity of long ZnS nanowires
formed at low gas flow rates. At 1050°C, ZnS naplobons were reported to widen with
higher gas flow rates. At 1150°C, microparticlestérs along with nanoribbons were
reported at low gas flow rates. On the other hanelre are only microcrystals without
nanoribbons at high gas flow rate(Kar et al. 200 )pur experiment, film like structures
form in the 900°C-950°C region, ribbon-like struetsi nucleate at 600°C-850°C, and
nanowires form at below 600°C at a low gas flove @5 sccm). At a higher gas flow rate

(30 sccm), similar structures are observed bubied to lower temperature region.

2.24. Total and partial pressure effect Zinc and oxygen partial pressure are very
important factors to affect final product morphaksy Atmospheric pressure chemical
vapor deposition has proven to be a simple andpcineethod to fabricate zinc oxide
nanostructures. Local vapor pressure is the keyifar oxide supersaturation. Excessive
vapor precipitates on the substrate after supeegain to form nanostructures.
Supersaturation is determined by the vapor presdimreoxygen, CO, and ZnQrapor
pressure decreases from the center of furnacestertti of the tube. Since Zn vapor is too
low to nucleate at low temperature region and G@diction at high temperature region
ZnO forms nanoparticles better in intermediate terafure zone. Oxygen vapor is

essential to allow zinc to deposit on the substratezinc oxide, instead of as metal only.
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High local oxygen partial pressure will promot@01} growth of zinc oxide

nanostructures (Mahmud et al. 2006). Oxygen paptiaksure also affects the number
density of zinc oxide nanorods. When oxygen pressiaround 2x10 Torr, nanorods
have the maximum abundance (Yan et al. 2003). yfjer pressure is lower than 25210
Torr, oxygen mainly works on the substrate surfiacerder to make zinc nucleate and
deposit on the substrates. If oxygen pressure ghehithan 2x18 Torr, rod density
decreases due to the lack zinc ions since zindépgsited on the substrates. Zhang et al.
(2004) reported that various zinc oxide nanostmestuwbtained at different pressure.
They changed in order of nanorods, nanowalls, ambtubes with a decrease in pressure
from 10 Torr, 0.3 Torr, to 0.06 Torr. At one atmbspe pressure without any gas flow,
various structures formed at different points aldhg path, from the source material
location to the open end of the tube. Zn, Znéand CQ vapor pressures decrease from
the source gradually to the open end. Of coursm fitte center of tube to end of tube,
temperature also decreases gradually. Nanowirembedts, and nanofibers form along
the temperature and vapor pressure decreasingtidire@Chen et al. 2004). For iron
oxide nanostructures, the literature has repottatiton oxide nanocluster sizes increase
with increasing pressure (Nakayama et al. 2000)oun experiment, we used one
atmosphere pressure to synthesize ZnO nanostractn@m the center of the tube to the
end of the tube, film-like structures, ribbon-liktructures and wire-shaped structures

form along the gas pressure decreasing direction.

2.25. Substrate material effect Various substrates have been used for ZnO
nanostructure synthesis, including sapphire (Yangl.e2002), GaN (Fan et al. 2006),

ZnO coated film silicon substrate (Ye et al. 208%; et al. 2007), NiO coated silicon
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(Kim et al. 2004), glass (Sreenivas et al. 2009)0A(Gao et al. 2003a), gold coated
silicon (Chen et al. 2004), and even fresh silisabstrates (Khan et al. 2007). In most
cases, the nanostructures alignments are deternbipddttice matching between zinc
oxide and the substrates. Several substrates leredhown to allow epitaxial growth of
zinc oxide nanowires, such as sapphire (Yang e2@2), GaN (Fan et al. 2006), and
ZnO coated substrates (Ye et al. 2007). The |attafethese substrates match with zinc
oxide in certain crystallographic directions. Sapplhas only 0.08% mismatch with zinc
oxide’s (0001) plane. GaN has about 1.9% mismaiitih tive zinc oxide’s (0001) plane.
ZnO matches with itself very well. Substrates tmesy have significant impact on the
orientation of nanostructures.

In our experiment, we used silicon and mica sutedréo grow ZnO nanowires
using the same conditions. ZnO nanowires are obdaat’/the same substrate temperature
region. On the silicon wafer, zinc oxide nanowiege randomly oriented. On the mica
substrate, aligned zinc oxide nanowires are obder@n mica randomly oriented

nanowires are found in lower temperature zones tthe@mligned nanowires.
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Figure 2.7 SEM image (a) randomly oriented ZnO nanowires DBOJ silicon wafer
substrate. (b) Aligned ZnO nanowires nucleate ararsubstrates.

2.2.6. Catalyst effect Catalysts are very important for the vapor depositnechanism
including controlling the zinc oxide nanowire orations, alignments, and precise
locations. A vapor liquid solid growth mechanisnpreposed to explain catalyst assisted

ZnO nanowires’ growth. Various catalysts have besed and achieved similar results
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such as Au (Huang et al. 2001a; Wang et al. 208®)(Wang et al. 2004a), Cu and Au
(Li et al. 2004), and Au/Pt (Andreazza-Vignolleadt 2006). The alloy droplet forms at
the catalyst site. Then ZnO nanowires nucleatepusth the catalysts up with the tip of
the growing wire. Nanobelts and nanowires can Ise=ded in the literature even without
help of any catalyst following a vapor solid growttechanism< 0001> is preferential
growth direction of nanowires, and1010> is the preferential growth direction of
nanoribbons. The size of catalyst particles maytrobthe diameter of ZnO nanowires
(Pan et al. 2001; Ye et al. 2007).

From our experimental results, we find that thealgst does have significant

influence on the morphology of nanostructures.

Figure 2.8 (a) ZnO particles nucleate on the catalyst-frdEEate; () Under the same
experimental condition ZnO wire-like structuresnfoon a tin catalyst substrate.

In particular, we used one catalyst free substateone tin catalyzed substrate in
the same experiment. Very different structures fomthese two different substrates as
shown Figure 8. The catalyst has an impact on thstsate’s capacity to absorb source

vapor, i.e. on its absorption coefficient. Clearbstates without any catalyst absorb
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limited source vapor. Catalyzed substrates absandget amounts of source material, to

better nucleate nanowires.

Table 2.1 Synthesis parameters of different ZnO nanostrestur our system.

Source Zn0O+C Zn0O+C Zn0O+C Zn0O+C ZnO+C
material
Source 1000°C 1000°C 1000°C 1000°C 1000°C
material
temperature
Substrate | Silicon Mica Au particles PdAu Sn film on
material on mica particles on mica
mica
Substrate | 550°C- 550°C- 550°C-800°C | 550°C- 550°C-
temperature| 800°C 800°C 800°C 800°C
Gas flow| 55 sccm 55 sccm  eter per mit 55 sccm 55 sccm
rate (standard | (standard (standard | (standard
cubic cubic cubic cubic
centimeter | centimeter centimeter | centimeter
per minute) | per minute) per minute) | per minute)
Products Random | Nanocastles Aligned Aligned Nanoribbon
nanowires nanowires nanowire

2.2.7. Oxygen effect We intentionally keep the system in an argon gasr@mment to

minimize unwelcome oxygen in our experiment. In soexperiments, the presence of
oxygen by design affects the final structures. Kodaka et al. (2006) reported that
uniform silica nanowires were grown with the cofisd oxygen because of the
oxidization of the silicon nanowire surface. Thefprred growth direction was achieved
since the sidewall energies were changed.

Tsengl eeported that ZnO nanorod

diameters increased with the high oxygen gas flate.rThe ZnO crystallinity was also
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affected (Tseng et al. 2003a). We did not obs#mese experimental phenomena in the

absence of oxygen.

Source material temperature, substrate materiapdesture, substrate material,
catalyst, total and partial gas pressure are pasméhat need to be considered in our
experiment. There are four essential stages insiysgem, which includes generation of
precursor atoms or molecules, transport from sotor@ibstrate, adsorption on substrate

surface, plus nucleation and growth of nanostrestur

2.3. CRYSTAL GROWTH THEORETICAL BACKGROUND

Theories about nano crystal growth have been dpedidby many groups,
including the famous BCF theorem (Burton, Cabrera Erank theorem) and Sears et al
(Burton et al. 1949; Burton et al. 1951; Sears )9 %he past half century. The crystal’s
final shape is determined by the Wulff theorem,equilibrium condition, since the
crystals are bound with surface planes with minintotal surface free energy (Herring
1951). The hexagonal-shaped tip of zinc oxide nadr helps to prove the Wulff
theorem.

Wagner and Ellis (1964) proposed the vapor liqutidsgrowth mechanism for
silicon whisker growth. In their silicon whiskerrgpesis experiment, they reported that
BCF screw dislocations were not present. Gold glagiinstead worked as a sink in the
experiment, to absorb arriving silicon atoms andnfcAu-Si alloy. The alloy became
droplets at 950°C. Thelll> silicon whiskers grew after the silicon was suptrsated.
This theory is a common mechanism of semicondutamostructure growth, especially

nanowire’s growth including GaAs and InAs whiskéksiruma et al. 1995), silicon
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nanowires and indium phosphide nanowires (Duanl.eRGDO; Mcllroy et al. 2004).
Figure 2.9 illustrates the vapor liquid solid grbwimechanism. Various metal
nanoparticles have been used as catalysts in reeasaterials synthesis. The key point
in the process is that metal catalysts like Au,Gb, Fe, get involved in the experiment.
The whole process of the experiment includes tisteps: dissolution of the deposited
source vapor in the metal or alloy droplets, sdiomaor supersaturation of the deposition
materials in these liquid droplets, and precipitatof the solid source materials along the
growth direction. The catalyst particles controusture formation location, size, and

orientation (Morales et al. 1998; Yang et al. 2002)

Metal and Oxide
Solid Solution —

Metal Oxide
Nanorod

Metal Catalyst
Nanoparticle

|
&

Figure 2.9. Schematic diagram illustrates that vapor-liquitiesaligned growth of metal
oxide nanowires, via the use of metal nanopartiatesatalysts for nucleation and growth
of nanostructures.

Another formation mechanism is proposed for thalgaed grown nanostructures.
Persson et al. (2004) reported that solid phaskisilin was observed by in situ
transmission electron microscopy during the synshe$ GaAs nanowire experiment.

From the XEDS data, vapor-solid-solid (VSS) was posed for gold catalyzed

nanowires growth. Dick et al. (2005) later foundttvVSS growth mechanism was also
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proposed for gold catalyzed Ill-V semiconductor maimes synthesis. Kirkham et al.
(2007) reported solid gold nanoparticles as catdtysgrowing aligned ZnO nanowires
recently. The vapor-solid-solid growth mechanisraiso seen in our experiment. We
will discuss more in chapter 4. The choices of vdjuid-solid or vapor-solid-solid

mechanisms depends on the catalyst selection (Zteailg2007).

@

Metal oxide
nanorod
Metal catalyst
y ~,

Figure 2.10 Schematic diagram illustrates that the metal oxideowires via vapor-
solid-solid mechanism.

If the substrates have no catalyst particles inetkgeriment, the as-synthesized
nanostructure formation mechanism is via vapords@yS) mechanism. Source atoms
nucleate on the substrate surface and form nantadigs. After absorbing more source

atoms, the nanocrystallites form the smallest serénergy shape (Kast et al. 2007).
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Figure 2.11 Schematic illustrates that metal oxide nanostrestdorm on the substrate
directly via vapor solid mechanism.

24. RESULTSON VARIOUSMATERIAL SYSTEMS

In this chapter, we discussed zinc oxide nano-ggishtechniques using thermal
evaporation. Due the high zinc oxide melting terapee, carbon black is used to
decrease the experimental temperature. In the mysseurce material temperature,
substrate temperature, vapor pressure, substraeziahasubstrate catalyst, and gas flow
rate will have a direct impact on the final struetisize and shape. Under the different
experimental conditions, nanostructures are formadvapor-liquid-solid, vapor-solid-
solid, and vapor-solid mechanism.

In our experiment, we used carbon black and zindeoyowder mixtures as
source materials. The source material temperatias set 1000°C. Substrates were
located in the 550°C-850°C region. Various différbstrates were used, and resulted in
different zinc oxide nanostructures. Argon gas wsed as carrier gas. The whole system

was kept at one atmosphere pressure.
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The first structures were aligned zinc oxide namesii We used Au particle

coated mica as our substrates. Figure 2.12 isEh iBhage of gold particles. Au particle

size distribution is shown in Figure 2.13.

Figure 2.12 SEM image of gold particle.

Au particle size distribution

percentage (%)

0 10 20 30 40 50 60 70O 80 90 100 110 120

diameter (nm)

Figure 2.13 Gold particle size distribution.
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From the size distribution, we find that most o€ tgold particles are below
100nm in diameter. Aligned zinc oxide nanowires evesund at substrate temperature
650°C-800°C region. Figure 2.14a shows backscadte3EM image of aligned growth
zinc oxide nanowire. The diameter of the nanowsraround 30nm. The size is consistent
with the gold particle size distribution as showowee. The length of the nanowires is
around few micrometers. They have the similar aagons. From the image we can find
gold particles on the tip of the nanowires. Som#hefnanowires have kinked tips, which
may be caused by at the end of the experiment smaduint of source vapor deposits on
the gold particles. Randomly orientated zinc oxmdmowires were found at substrate

temperature below 600°C, with 30nm in diameter femdhundred micrometers in length

as shown in Figure 2.14b.

Figure 2.14 (a) Aligned zinc oxide nanowires with gold paedg on the tip at substrate
temperature 600°C-850°C (2007, J. Liu). (b) Rangomnientated zinc oxide nanowires
were found at substrate temperature below 600°C.

In order to investigate the relationship betweeld grarticle size and zinc oxide
nanowire diameter, we measure the gold particlezamd oxide nanowire diameter. The

diameter distribution of gold particles and zinddexnanowires can be seen in Figure

2.15. Most gold particles are around 30nm in di@me¥ost of zinc oxide nanowire
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diameters are 50nm or 70nm. Measurements of galdiae oxide nanowire diameter on
some individual wires, in both TEM (red) and SENu@), are shown in Figure 2.16. As

you can see gold diameter has simple relationskilpzinc oxide diameter.
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Figure 2.15 Gold and zinc oxide nanowire diameter size digtrdn.
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Figure 2.16 Correlation between gold and zinc oxide diameteindividual wires.

Scanning transmission electron microscopy imagingmd nanowires is present
in Figure 2.17. Au patrticles have faceted surfeared are located at the growth front.
Gold particles are brighter in darkfield imagesdese of their high atomic number. The

diameter of the nanowire is around 30nm, whicloissistent with SEM results.



41

Figure 2.17 Low magnification STEM images of Au-ZnO nanowimaage. (a) High
angle annular darkfield (HA-ADF) image. (b) The re®mponding bright field image
(2007, J. Liu).

A high resolution STEM image presented in Figur&82shows that the ZnO
nanowire grows along 00.1>. The interface between the Au particle and the ZnO

nanowire is atomically sharp. On the basis of thage information, the side surfaces of

the gold particles are defined to fid1} facing the zinc oxidef002} perpendicular to

that with the electron beam direction dowh10>. The perpendicular side surface of

the ZnO nanowire i§10.0} with the beam direction down01.0>. The detailed structure

relationship between gold particles and zinc oxideowires is investigated in chapter 4.
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Figure 2.18 (a) The bright field STEM image of the gold catadyg zinc oxide nanowire.
(b) Darkfield STEM image of the same sample (2QD7,iu). (c) The FFT pattern of
gold particle part. (d) The FFT pattern of zincdinanowire part. (e) The FFT pattern
of the whole image.

The second catalyst we used is Pd/Au alloy, usheg dimilar experimental
parameters as the first one. Figure 2.19 is an 8&Age of a Pd/Au particle. Figure 2.20

is the particle diameter size distribution. Mosttbé particles are around 40-80nm in

diameter.
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Figure 2.19 SEM image of Pd/Au catalyst particle.
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Figure 2.20 Pd/Au alloy particle size distribution.

After one hour experiment, we found aligned of zixade nanowires beneath the
Pd/Au catalyst. Aligned zinc oxide nanowires weoeirfd at a substrate temperature
around 600°C-850°C. The diameter of the nanowiraasind 50nm, with the length a

few micrometers as shown in figure 2.21a. The kihtges were found again in this case.
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Randomly oriented zinc oxide nanowires were fouhdsubstrate temperature below

600°C. The diameter of these nanowires is aroumin5@&nd the length is few hundred

micrometers.

Figure 2.21 (a) Aligned zinc oxide nanowires with Pd/Au paeg&on the tip at substrate
temperature 600°C-850°C. (b) Randomly oriented pixide nanowires were found at
substrate temperature below 600°C.

Low magnification STEM images obtained for PdAuatyted ZnO nanowires
are shown in figure 2.22. The faceted PdAu parielecated on the tip of the nanowire.

The particle is brighter than the ZnO nanowire arkfield since the PdAu alloy has a

bigger atomic number than ZnO. The diameter ofdn@owire is around 30nm.
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Figure 2.22 Low magnification STEM images of PdAu-ZnO nanowimgage. (a) High
angle annular darkfield (HA-ADF) image. (b) The remponding bright field image
(2007, J. Liu).

Nanoscale energy dispersive X-ray spectroscopy jED8lysis was conducted to
investigate the chemical element information assshim figure 2.23. The spectra were
obtained from different areas of the PdAu partaste ZnO nanowire. Spectra from PdAu
suggest that there was no Zn signal. No Pd or Aak peas found in the zinc oxide

nanowire portion either. The tin peak comes fréma Ti TEM grid. Several different

nanowires confirm the result.
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Figure 2.23. Low magnification TEM image (a) shows a nanopé&tiocated at the tip of
a ZnO nanowire. EDS spectra (2007, J. Liu) (b) shbe element information on
different locations. Location 1 is mainly at PdAarficle position. Location 2 is located
at ZnO nanowire. (Ti peak comes from the Ti TEMIyr2 has Zn peak without apparent
PdAu peak.
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The third catalyst we used is tin. We used the serperimental parameters as
previous experiments. We used an evaporator tothedin particles on mica substrates.
Figure 2.24 shows mica substrate with tin particldse particle size is around 100nm in
diameter. Using the same experimental paramet@&rgietvzinc oxide nanobelts at 600°C-
850°C region. The nanobelts were nucleated attiayst region only as shown in figure
2.25a. From the high magnification SEM image, wenfib that the belt-shaped structures
are about 2 micrometers in width, about 10 micr@rin length, and less than 100nm in

thickness. In our experiment, we also observedttiatatalyst thickness had an impact

to the structures, as discussed in chapter 4.

Figure 2.24 SEM image of tin catalyst particle.



Figure 2.25 (a) Low magnification SEM image of tin catalyzedzoxide nanobelts with
TEM grid as mask. (b) High magnification SEM imaxfezinc oxide nanobelts (2007, J.
Liu).

High resolution scanning transmission electron ogcope images reveal that the

zinc oxide nanobelts are single crystals withouéeeed defects, as shown in figure 2.26.
The nanobelt grows alord0.0} direction, with the top and bottom flat surfaef 1.0},
and side surface{00.1}, as illustrated in the diagram 2.27.

In this chapter, we mainly discussed our experialenésult with different
substrates. Aligned zinc oxide nanowires, randoarlgnted zinc oxide nanowires and
zinc oxide nanobelts have been synthesized suctigssf our experiments. Table 2.2

summarizes the different nanostructure formationperatures, lengths, diameters and

number densities.
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Figure 2.26 High resolution transmission electron microscopegde of zinc oxide
nanobelt. The inset shows that zinc oxide grows@lthe{10.0} direction (2006, P.

Fraundorf).
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Figure 2.27 ZnO nanobelt diagram.
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Table 2.2 Comparison of zinc oxide nanostructures lengtldthyiformation temperature
and number density.

Nanostructures| Number densityength Width Substrate

(per cnf) Temperature
Aligned Au- 10° - 10" 1um-10pum 20nm-100nm 600°C-850°C
ZnO nanowires
Randomly 108 —10° 100pum- 20nm-100nm Below 600°C
orientated Au-
ZnO nanowires 1000um
Aligned PdAu- | 10° -10* 1pm-10pum 20nm-100nm 600°C-850°C
ZnO nanowires
Randomly 108 —10° 100pum- 20nm-100nm Below 600°C
orientated 1000pum
PdAuU-ZnO
nanowires
Tin catalyzed | 10 -10 2um-10pum lpm-2um 600°C-850°C
zinc oxide

nanobelts
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PAPER

1. LATTICE FRINGE SIGNATURES OF EPITAXY ON
NANOTUBES

1.1. INTRODUCTION

Direct methanol fuel cells are regarded as potemtabile power sources because
of the high energy density, easy operation, and simple fuel supply (Chien et al.
2006). Pt on carbon black is recognized as a piogislectrode material for low
temperature fuel cells. Carbon black is used apatifor fuel cell catalysts because of
the electronic conductivity and surface area (Ltiale2004). Pt reduces oxygen in a fuel
cell, to solve the catalyst poisoning problems eduby CO and other intermediates
under low temperature reaction conditions. In otdencrease activity and the efficiency
of the catalyst, a new support is needed to reptackon black. Carbon nanotubes are
recently used as new supports for metal catalyséstd their small size, high chemical
stability and large surface area to volume ratie €t al. 2003; Xing et al. 2004). Carbon
nanotubes decorated with metal catalyst particlesibine properties of the two
nanomaterials to get wider applications (Qu e2@06; Wildgoose et al. 2006; Ye et al.
2006). Also Pt nanoparticles on carbon nanotubeg hgenerated higher maximum
power density than Pt on carbon black (Li et aD3f). Various methods have been used
in loading Pt or other metal catalyst particlestio@ carbon nanotube surface, including
impregnation and chemical reduction, and electfmodiéion (Prabhuram et al. 2003; Liu
et al. 2004; Vinodgopal et al. 2004). These synshesethods provide uniformly
dispersed particles on the carbon nanotubes.

Metal particles on the exterior of the carbon nahet have relatively more

access to reactant molecules than interior pastidlaus loading the particles on the outer
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wall of carbon nanotubes is preferred in most gataleactions. Good adhesion of the
metal nanoparticles to carbon nanotubes is a ketorfato determine the catalytic
performance in methanol oxidation and oxygen radocfYe et al. 2003). The lattice
relationship between metal catalyst nanopartictes reanotube supports may affect their
adhesion. Understanding this relationship will help to design products whose
properties are optimized (Han et al. 2004a). Trassion electron microscopy (TEM) is
a tool that can analyze this assembly. The intenadietween catalyst and nanotube will
impact the pattern of lattice fringes in high regimin TEM images, and therefore detect
the catalyst and nanotubes crystallographic relatig.

Carbon nanotubes have advantages for electron sempy work, because their
near cylindrical symmetry and propensity of liegerdicular to the electron beam makes
data acquisition and interpretation much simplantfor single crystal supports. With the
help of lattice fringe visibility theory, we cannfl the crystallographic relationship
between catalyst particle and carbon nanotubehawrsin Figure 1 (Qin et al. 2003;
Fraundorf et al. 2005). If the relationship is apiél, one might conversely decorate
tubes in order to determine the chirality of thaiter sheet. We illustrate the approach
with specific case: Growth of FCC metals on the ¢d{0002) graphite (or graphene)
surface of a carbon nanotube. The theory is easitgnded to growth of other lattice
types. Application to experimental images of Ptl foell catalyst crystals, on carbon

nanotube supports, illustrates the strategy.
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Figure 1.1. Low magnification (left) and high magnificationght) TEM image of Pt
particles supported by carbon nanotubes (2006in$ P Fraundorf).

The lattice fringe relationship between Pt paricéend carbon nanotubes can be
easily identified by counting the distribution o€€E lattice fringe angles in images of a
nanotube support and the relative location comgieeaxis of the tube. Digital darkfield

techniques also provide a way to automate thisyaisal
1.2. THEORY

1.2.1. Fringe visibility theory As aberration-correction makes it possible for &t

microscope images to provide resolutions into sulgsdfrom range, quantitative
information contained in lattice image will becomereasingly robust. In particular, on
tilting away from the edge-on view of a latticeqpdain the transmission electron
microscope (TEM), one might encounter a range ettebn angles within which the

lattice plane’s reciprocal lattice spots continaerntersect with Ewald sphere. Hence the
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lattice fringes associated with those planes renvisible. The upper bound of this

“visibility band half-angle” (with the largest terfirst in the “thin specimen” limit) is
A r
a=sin[d—+-— (1-(d—)?)]. 1
[ Tt o @-( t) )] 1)

Here d is the spacing of lattice planes, t is thgstal thicknessA is the
wavelength of the electron, afd is a “ visibility factor” on the order of 1 that
empirically accounts for the signal-to-noise in thethod used to detect fringes. The

effective radius of the reciprocal lattice spothis model (or excitation error s at which
. r
the fringe fades to background)4ts.

We apply the theory to three types of relationshgtween supported FCC
nanocrystals and underlying carbon and/or BN ndrestu randomly oriented, (111)
columnar, and (111) epitaxy. The objective is lasirate the distribution of (111) lattice
fringe orientations expected on a nanotube encoeshtey the electron beam “side on”.
The result is expected to be insensitive to sligletviations of the beam from
perpendicularity to the tube axis.

1.2.2. Predictions from visbility theory For the random orientation case, each
nanoparticle orients randomly to the electron be@inis might occur, for example, if the

nanoparticles grow or accumulate with no regardthe underlying surface. Each

nanoparticle has four sets of (111) lattice plamesetrahedral orientation to each other.
From the equation 1, the fringe will show up in tenter of a 28 nm diameter particle
only when the electron beam is tilted by less thanvalue of about 5 degrees out of that
plane. For sufficiently thin particles, this resisltrelatively insensitive to the high energy

of the electrons that the microscope is using. irsadom growth, most of the particles
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have no visible (111) lattice fringes, but the (L1Attice fringe has equal visible
opportunities at all different positions from thenter of the tube to the edge part of the
tube if beam is tilted at certain angle. Also tkerathal angle between (111) fringes and
tube edge ranges from -90 degree to 90 degree.

Figure 1.2 shows projected atom positions of colangrowth model particles on

the carbon nanotube. Since the particles are omuthes surface, the relative location of

the particle is described by the fraction radiasltaihceLR from center of the tube (0) to

the edge of the tube (1). The anglg, between a given particle fringe and the tube

ranges from -90° to 90°, and is set to zero wherirthge is parallel to the tube axis.

Figure 1.2. lllustrated Pt lattice fringe patterns expectedcarbon nanotube (2006, P.
Fraundorf).

The data we want to analyze is the projected amigtdserved lattice fringes and

their positions with respect to the projected takes. This data is plotted on a graph as
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shown in Figure 1.3a. The random growth case mlot expected to show fringes at all

points across the field of this plot. Near the edgs (r =1)the number of fringes will be
large because more particles will be seen thepeajection. In the columnar growth case,
predicting where fringes will be seen depends werse other parameters. These include
the local azimuth of a lattice fringes’ tilt axisitiv respect to a nanotube on which it
residesy,, , the angle between that lattice plane’s normal angference or growth
plane{ , the angle between the growth plane and the vigwirectiond, and the angle
between the beam direction and the fringe planenabé,_,,,. When g is equal to
90°, the fringes will be visible.

The relative distance from the center of tube adtermines angle between the
growth plane and the viewing directi@n The azimuth of projected fringe and tube axis
@ien » COMbined withd, determines the lattice plane’s local azimuth angyl,, and angle

between fringe plane and the bedyp,, . The result of this analysis is that fringe

visibility plots on these graphs as a one paranfaraily of curves which depends only

on { , the angle between the fringe plane and the grglethe. Figure 1.3a illustrates for
our specific example of FCC columnar growth (@a1)planes.

FCC crystals have foufl11l)planes which pairwise intersect down each of six
(110 beam directions at an angle@Jf=cos‘l é)D 70.t degree. At the edge of the tube,

the (111)growth plane is either parallel to the tube wafl d@gree) or has70.5 degree

with tube wall as shown in Figure 1.4. FCC crystats/e three(200)planes which

pairwise intersect down each of siKLO) beam directions at an angle £54.7 degree
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angle with tube wall as shown in Figure 1.4. FCgstals have siX220)planes which

pairwise intersect down each of sit10 beam directions, half at an anglet80° and

half at 90° with tube wall as shown in Figure 1.4.
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Figure 1.3. The diagram showed the relationship between ahiahangle of (111), (200)
and (220) FCC Pt crystals and the fraction radisadce from the center of the tube in
the columnar growth model (left). Right was relaship between azimuthal angle of
(111) FCC fringe and fraction radial distance frtime center of the tube in epitaxally
growth model on armchair nanotube (2006, P. Fradhdo

For epitaxial growth, according to the diffractidata in the literature, FCC Pd on

single crystal graphite (0002) planes typically emkplace with (11%) parallel to

(0002)yraphite In the growth direction, andl12,, parallel to( 01§, ... in the plane of

the substrate (Humbert et al. 1991). If Pt parsiciso epitaxially grow on the carbon
nanotubes, there is only one azimuthal angle abwsirpositions as illustrated for an
armchair nanotube in Figure 1.3. These allowedeandiffer with tube chirality, so that

analysis of epitaxial particles would also deterenduter graphene-layer orientation.
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1.2.3. Computer experiment results

1.2.3.1. Manual count result The relationship between (111) lattice fringe wedrbon
nanotube can be measured directly according tatigge distribution and the distance
fraction from the center of the tube. After cougtithe azimuthal angle and fraction
radial distance from the center of tube like timaFigure 1.2, we can find this relationship
as shown in Figure 1.4. From Figure 1.4, we firat tit the different tube positions, only
certain angles of the (111) lattice fringes show fegr example, at the edge of the tube
part (the fractional radial distance is the radifishe tube) there are O degree and 70.5
degrees between Pt (111) lattice fringe and tulge.e@ther particles will show no
fringes. When the fractional radial is about Oti& angle there is 0 degree between (111)
lattice fringe and tube edge.

The data is consistent with theoretical data wefigeh the model, as shown in

Figure 1.3. The (200) and (220) lattice fringe meg@s be obtained by the same method.

1.2.3.2. Digital darkfield imaging technique result Digital darkfield imaging
techniques can provide an alternative to countiregangles manually. Optical darkfield
imaging in microscopy involves forming images as@ecimen using a back focal-plane
(scattering angle) aperture that excludes the titesed beam. It's called "dark field"
because the field surrounding the specimen dossatter, so it's dark. The digital
darkfield animation below illustrates this by plagian aperture (centered in the orange
figure below) over the power spectrum (a digitabstitute for the back focal-plane's
optical diffraction pattern) here shown with the [P€ak (or unscattered beam) below

center (Fraundorf 2008). In this example, only rastals with projected periodicities
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that diffract into the aperture light up in the kféeld image at right, and this varies with
aperture position. Figure 1.5 shows that using téchnique, the (111) lattice fringes

light up after moving the aperture at different lasg
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Figure 1.4. The azimuthal angle of (111) Pt lattice fringessus projected distance from
the tube axis for a columnar growth model speciniére fractional radial distance was
from center of the tube (0) to the edge of the wh# (1).



61

Figure 1.5. Using digital darkfield image technique, (111}ite fringes were light up at
the direction (2006, P. Fraundorf).

If we add all the intensities together after movihg digital darkfield aperture by
1.25 degree increments around the power spectngrfnrom the Pt (111) lattice spacings,
we get a relationship between azimuthal angle aflLY1attice fringes and fractional
radial distance from the tube center (Figure IT@g digital darkfield imaging technique

results illustrate the method and confirm the prialn as well.
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Figure 1.6. 2.3 Angstrom periodicity along various directionsai lattice image, combine
with fringe visibility theory to analyze the cryfitmyraphic relationship between some
nanoparticles and a cylindrical structure on wthilaty lie (2006, P. Fraundorf).

1.3. EXPERIMENTAL TEST

In this experiment, we use a Philips EM430ST witlinp resolution near 0.2 nm
to image Pt nanopatrticles on nanotubes. In the d@gblution image, the Pt nanopatrticles
lattice fringes and carbon tube fringes can be meskesimultaneously. After counting the
azimuthal angle between (111) lattice fringes withbe edge, we found that the Pt fringe
angles are randomly distributed on the carbon ndogoas shown in Figure 1.7. So in this

case, the nanoparticle growth is not along (111)roas.

1.4. DISCUSSION AND CONCLUSIONS

FCC particles and carbon nanotube lattice fringas loe observed under high
resolution transmission electron work. Three défdrtypes of growth are discussed here.
The relationship of azimuthal angle between (1aft)Jde planes and tube edge at various

positions is different in random growth, columnaowth and epitaxial growth cases.
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Digital darkfield imaging technique reveals theatenship efficiently. The preferential

orientation on carbon nanotubes is more complichyetivo factors.
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Figure 1.7. Experimental data was superimposed on the previmgel data.

The first factor is surface integrity. For examplethe experimental specimens
above, it is easy to see that intact graphenedayelly make it within a few atomic layers
of the surface. This is likely due to an intentibnaughening treatment designed to
improve particle adhesion. Hence epitaxial growtbuld be impossible on these
specimens, although columnar growth is still conakle.

The second complication is surface curvature. \éenat aware of experimental
data on the effects of graphene sheet curvaturepmiaxy. For example, it may be
possible only on larger diameter tubes. On theroti@ad, the technique of detecting
epitaxy suggests that nanotubes substrates servanagxcellent candidate for
experimental investigation of these sheet curvatifiects.

In summary, the study of the azimuthal angle withet edge is very important to

investigate the relationship of particles on tubeaal surfaces. This method can also be
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easily used to explore other various catalyst gadion different substrates. It is very

helpful to understand catalyst activities at speatirface orientations.

1.5. FUTURE WORK

These fringe visibility models for analyzing expeental data provide a deeper
insight into the relationship between metal pagschnd supports. In some cases the
symmetry of the metal catalyst and support wileeffmaterial properties a great deal. If
we can design experiments to control catalyst @artorientation on nanosupports,
catalyst efficiencies may increased a lot. We negdluate the model from more

experimental data.

CHARACTERIZATION ZINC OXIDE NANOSTRUCTURES

In order to investigate zinc oxide structures ahdirt formation mechanism,
further characterization is described in the upecmmsections, Papers 2, 3, and 4.
Understanding the chemical and physical processlved is important to designing an
efficient synthesis process for the desired stnestu In the following sections (Papers 2,
3, and 4) abstracts are included because thesmrsecepresent different papers in

preparation.
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PAPER
2. GROWING ZnO NANOWIRESVIA DIFFUSION ON AU

(Coauthor: P. Fraundorf, L.F. Allard, J.Y. Howegdah Liu)
ABSTRACT: ZnO nanowires were synthesized by thémwaporation. Lattice imaging

shows that A{111 planes are typically parallel to Zn{®001 at an interface that lies

perpendicular to the wire’s growth direction. AR24 plgnes lie parallel to Znd0110}

in the growth direction. Energy dispersive X-rayDgE) nano-analysis shows that pure
gold particles remain at the tip of ZnO nanowireteragrowth. Aberration-corrected high
angle annular darkfield (HAADF) scanning transnusselectron microscope (STEM)
images show that a single layer of atoms at therfexte is modulated by clear atom
columns separated by a dark region with a misfitgBtis vector of one Au atom column
separation (3g4). Only this layer and adjacent Au layer shows ek for mixing
between Au and ZnO. These observations indicatevéipor liquid solid growth does not
drive ZnO nanowire formation, but instead that$barce vapor is transported along gold

particle surfaces, including the buried ALl inferface during growth of the wire. The

observations suggest a coherence-zone mechanismariowire catalysis that depends on

the large interface misfit, and that may have vagplications.

Zinc oxide nanowires have potential to be buildbigcks for future electronic
and optoelectronic devices, such as photodetedt®estersson et al. 2006), field
emissions transistors (Zhu et al. 2003), singleted@ memory devices (Thelander et al.
2005), UV light emitters (Tseng et al. 2003b), seagWan et al. 2004; Zheng et al.
2005), piezoelectric nanogenerators (Qin et al820@sers (Duan et al. 2003), and solar

cells (Law et al. 2005). Various methods have bapplied to fabricate aligned zinc
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oxide nanowires, including thermal evaporation (ktpaet al. 2001b), metal organic
chemical vapor deposition (MOCVD) (Park et al. 20Qguilsed laser deposition (Sun et
al. 2006), and template-based growth (Wang etQfl6&). Vertically-oriented zinc oxide
nanowires can be obtained by selecting an apptepcigstalline substrate whose lattice
constant matches spacing in the ZnO (0001) plake shpphire (Yang et al. 2002), GaN
(Fan et al. 2006), AIGaN/AIN (Wang et al. 2005)damO film (Jie et al. 2005). Aligned
ZnO nanowire can also be fabricated on (100) silsabstrates (Geng et al. 2004).

Gold nanopatrticles are generally used as a catadygtowing one-dimensional
nanowires of semiconductor or metal oxide matei(islsrales et al. 1998; Huang et al.
2001b). The nanowires growth mechanism is attribwtethe vapor-liquid-solid (VLS)
process (Wagner et al. 1964; Dick et al. 2005has recently been reported that the
vapor-solid-solid process may also be apply to #ecatalyzed growth of ZnO
nanowires (Kirkham et al. 2007). Fundamental urtdading of Au-ZnO system is still a
challenge, which limits the scale-up of desireditires fabrication. We report here,
using aberration-corrected and nano-analyticaltelaanicroscopy technique, a detailed
study of the Au-catalyzed growth process of ZnOawares as well as the interface
between Au and ZnO.

ZnO nanowires were grown by a simple standard therewvaporation-
condensation process. Mixtures of commercial Zn@.9%%, Alfa Aesar) and carbon
black in selected ratios were placed in an alurbiba as source material, located in the
center of a tube furnace. Freshly-cleaved micatsates coated with a thin gold film
were put in a lower temperature zone of the furndoenstream. We set the source

material temperature at 100CC with heating rate at about 30°C/minute, and theldl
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the temperature constant about one hour. The aygsrflow rate was set at 15 sccm in

the experiment, after purging the tube.

Nanowires were deposited on the substrates inetimpdrature range of 800-
650 C. The pressure was kept at one atmosphere duregxperiment. The system is

cooled down quickly at the end of the experiment.

The morphology of as-synthesized products was exaanby field emission
scanning electron microscope (JEOL 6320FX). Highleannular dark-field (HA-ADF)
STEM images were acquired using a JEOL 2200FSuim&nt equipped with a CEOS
Co. (Heidelburg, Ger.) aberration corrector on pihebe-forming optics that provide a
nominal probe diameter for STEM imaging of 0.07rah,an illumination acceptance
semi-angle of 26.5 mrad (O'Keefe et al. 2005). Maate EDS analyses (Thermo-Noran)
were performed on a Hitachi HF-3300 cold field-esios analytical TEM, operated at
300kV.

Field emission scanning electron microscopy (FESHivvided data on the
morphology of the ZnO nanowires and their relatiopsto the substrate. A typical
FESEM image for nanowires, grown on a substratéedoaith Au, is shown in Figure
2.1. The image shows that uniform ZnO nanowiresewlermed on the gold-coated
substrate in high yield. This means that the tepmican be scaled up for large area
production. Gold particles trigger nanowire growlanowire diameters normally range
from 20-60nm, with lengths about 1-2 micrometers.

Gold particles 50-100nm in diameter are observedrbt} at high magnification in
backscattered FESEM images. In regions where tl @anowires are very dense, the

tips of the nanowires are found at widely varyingtahces from the substrates (Figure
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2.1b). Gold particle diameters are bigger than Zmdowire diameters. Hence gold
particles may not control ZnO nanowire sizes afiezareported (Huang et al. 2001b).
Backscattered electron images show that gold pest@as bright spots due to their high
atomic number (Figure 2.1c). By focusing on différbeights in the nanowire specimen,
gold particles can be found at the tip of all naimes; as shown in Figure 2.1d.

If the substrate temperature is over 850°C, onésfifiim-like structures without
nanowires. We find that in lower temperature regidhe ZnO nanowires increase in
length. Smaller diameter nanowires are found, \kittks nearer the tip than the base.
This may be due to less source vapor availablehateind of the experiment. This
phenomenon is also seen in the scanning transmisdextron microscope (STEM).
Some literature reports that such kinking can hebated to growth instabilities, and
thermal fluctuations or surface/interface ener@'s et al. 2003; Burki 2007; Dick et al.
2007).

The crystal structure and orientation of nanowrsgaoved from the substrate was
investigated in the scanning transmission electraecroscope. Figure 2.2 shows some
STEM images of an Au-ZnO nanowire. Figure 2.2a i®wa magnification HA-ADF
image, showing a faceted Au nanoparticle at theftip ZnO nanowire. The gold is much
brighter than ZnO in high angle annual dark fieldages, because of its high atomic
number. The diameter of ZnO nanowires is around3@0am. The high resolution
HA-ADF image in Figure 2.2d shows atomic structusédoth the Au nanoparticle and
the ZnO nanowire. STEM images show that both th&l gmarticles and the ZnO
nanowires are single crystal structures withoueedéd defects, like dislocations and

stacking faults.



Figure 2.1. FESEM image of zinc oxide nanowires. (a) Low magation SEM image
of ZnO nanowire grown from the patterned Au. (bptHimagnification SEM image of
ZnO nanowire, showing that the nanowires have umifdiameters and clean smooth
surface with gold catalysts on the tip of the namesv (c) High magnification
backscattering SEM image of nanowire structuresd @articles show up clearly due to
the high atomic number. (d) Backscattering SEM ienad) the same area at different
focus. Gold particles exist on inner layer indivatinanowire (2007, J. Liu).
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Figure 2.2. Low magnification HA-ADF image (a) shows a facet&d nanoparticle
located at the tip of a ZnO nanowire. Optical ditfogram (b) shows the structure
relationship between Au catalyst particle and ZraDawires. Diagram schematics image
(c) shows the relationship between Au and ZnO namowHigh resolution HA-ADF
image (d) shows the interfacial structure betwesm Au nanoparticle and the ZnO
nanowire (2007, J. Liu).
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Detailed analysis of several high resolution imaglesws that the ZnO nanowires
have a wurtzite structure. The nanowire 0.26 nriicltspacing corresponds to the d-

spacing of an(0002 ZnO crystal plane: the ZnO nanowire’s preferredwgh direction.
Side facets of the ZnO nanowire g@110}, so that the electron beam is along ZnO
[2110]. The particle on the tip shows the expectedt meh cross-fringes at 70.5

degrees for Aul11 )planes viewed down A110 . Figure 2.2b shows the power
spectrum of Figure 2.2d, confirming the epitaxialationship between faceted Au

nanocrystals and the ZnO nanowir¢d009,, [|(11),, . (0110),, ||@24),, and

[2110],,, ||[110],,. The diagram of Figure 2.2c illustrates this rielaship between

gold particle and ZnO nanowire. Several other gohd/ oxide nanowires have been
found to have the same orientation relationshig fiationship is consistent with earlier
reports using X-ray diffraction and TEM (Fan et2006; Wu et al. 2006; Kirkham et al.
2007).

Figure 2.3a is an intensity profile of periodic i the dark field image (Figure
2.2d). The periodicity of rows above and below tfamsition layer is uniform, while the
periodicity in the atomic-thick transition later modulated with the misfit periodicity
expected between Au and ZnO lattices. Figure 213tws the expected gold atom
periodicity (3*Aug29 in rows below that transition, the expected Zn€xigicity
(ZnOyo1-19 above it. Figure 3b also shows evidence for Zot® and Au periodicity only
in the modulated layer, and in the Au layer immeajaadjacent. This suggests that the

catalytic action of the Au may be confined to these atomic layers.
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Fourier Amplitudes by Atom Row at the interface
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Figure 2.3. Figure (a) shows the profile of HAADF intensityoafj rows of atoms

parallel to the interface. The gradual decreasmtehsity in moving from Au to ZnO

likely comes from C contamination on the specimeRourier transform amplitude
spectra from rows on either side of that anomalaysr are shown in Figure (b). Note
that there is evidence for a mixing of Au and Zn€@igdicities only in the modulated
layer, and in the Au layer immediately below th2Q@7, P. Fraundorf).

Although gold particles at nanowire tips are mostnmon, HAADF images
reveal that gold particles also occur at other gga~igure 2.4). Some nanowires are
kinked near the tip, as mentioned earlier in SENjhHesolution STEM images (Figure
2.4b) reveals this crystallographic relationshifpwien Au catalyst and ZnO nanowire:
@011),, 1Q11),, .  @013),,11(31D, ., (0004,.11(222,,  and

[1210],, ||[011],,. We also found one gold particle embedded inn® zhanowire

(Figure 2.4c and 2.4d). High resolution images (Fég2.4e) suggests that there is ~6°

between the Ay111 )attice fringe and Zn0002 Iattice fringe in this projection.
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Figure 2.4. HA-ADF image (a) shows the Au nanoparticles amatmg off the direction
of the nanowire’s growth direction. High resolumti&TEM image (b) shows that the
epitaxial relationship between Au and ZnO nanovitA-ADF image (c) and bright field
image (d) shows that gold particle is embeddedénrtanowire. High resolution STEM
image (e) shows that there is 6 degree angle batkee(111) lattice fringe and ZnO

(0002 Iattice fringe (2007, J. Liu).
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The modulated contrast layer in Figure 2.2d alsowshthat the large misfit
between Au and ZnO lattices is accommodated bydge-éislocation Burger’s vector in
the plane of the interface, rather than by latst@in, since around each channel one
finds 10 Au columns for every 9 Zn columns. Thidlisstrated also in Figure 2.5, which
shows periodic arrays of dislocations (arrowed)uabevery 5nm along an Au/ZnO
interface. The fact that the spacing between colterezones in images down Au
<110> averages around 3nm (a bit larger than the BrAléxpected from bulk lattice
parameters) suggests that ZnO/Au compression (@uwather doping or strain) in the
plane of the interface is on the order of 3%. Yam @also see from Fig. 2.2d that the
image incoherence associated with this dislocasaonfined to the modulated plane of

the atoms, instead of being shared with atom lagleose and below.

Figure 2.5. At lower magnifications and off-zone orientatiores, periodic array of
dislocations is apparent, as illustrated here waithges of two different regions.
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From the geometry of the Zn{®001 d}jrection in the bulk, oxygen atom rows

might lie either just above or just below the Zomatrows in Figure 2.2d. In addition, a
single atom (Zn or O) or a pair of atoms (Zn/O dZ®) in projection might lie at the

interface with Au if there is no reconstruction.oG@nd state energy calculations have
been reported in the literature to investigate é¢hésalternatives, and three types of

symmetric lateral alignment that might be preferbgdthese terminations on A@ll )

(Murakami et al. 2003; Meyer et al. 2004; Zaoui£00n et al. 2007; Wei et al. 2007b).

These lateral zones are illustrated in Figure ®lfich is a growth-direction view
of interfacial atoms azimuthally rotated so thaf224} || ZnO{0110} as observed. The

bulk lattice parameter mismatch is undisturbechia figure, with a region of fcc-hollow
alignment placed in the center. The figure depmity/ the interface between a single
layer of Au on a single layer of ZnO. The beam dimn in the HRSTEM image of
Figure 2.2d runs from lower left to upper rightHigure 2.6, showing that there are about
ten gold columns (each separated by 3 times thgadhisy for Au (d224) of around
0.25nm) between “coherent zones” projected in #anbdirection. The spacing between
Zn atom columns on the other side of the interiacthe d-spacing for Zn@0110} of
around 0.28nm. As mentioned earlier this beat péarity is supported by the interface
modulation in Figure 2.2d, but detailed models bé tobserved interface in these
specimens (e.g. coherence zone alignment, atomitgdhstuations in the diffusion

layer, etc.) are the subject of a separate paper.
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Figure 2.6. Schematic of atoms at a Z{O001 ok Au {111 interface viewed face-on,

with relative azimuthal rotation that agrees wititadreported. Note that there are three
types of alignment which have 3-fold symmetry: AreoAu (upper left), O over Au
(center left), and neither over Au (center). HAAD&ntrast in the modulated interface
layer suggests that one of the alignments may efeed for catalytic incorporation of
ZnO into the growing nanowire. The field with isdrf2007, P. Fraundorf).

In summary, structural observations of the Au/Zm@&iface suggest an array of
dislocation pipes, possibly ordered around a hexalypdistributed array of coherence
zones creating broad disorder bands in projectiat &re confined to a single atomic
layer at the interface. The lack of Z-contrast msigy in that layer between coherence
zones may reflect a reduction in material densstywall, since the modulation persists
with minor changes in specimen orientation. In aage the disorder in that layer may
facilitate the ZnO transport during wire growth bath the gold, and also help explain
why gold particles are often seen in FESEM imagdsawe fallen off the nanowire tip.

To further explore the possibility of a surfacefaion mechanism for ZnO
transport to catalyst sites across the interfasmpositions of the Au nanopatrticles and
the ZnO nanowires were analyzed by nanoscale erdigpersive X-ray spectroscopy

(EDS). In Figure 2.7 find spectra obtained fronfediént areas of Au particle and ZnO
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nanowires. Spectra from edge and center of Au reicfe confirmed that there was no
Zn signal. Previous literature suggested that aradi ZnO alloy may be formed at the
end of the experiment. That is not the case heveddected Au or other impurities were
found in the ZnO portions of the nanowire eithd@he Ti peak originates from the Ti
TEM grid. EDS data from several different nanowicesfirmed that this was not an

isolated incident.

[] a7 l'lll. — 1 T ]
0 2 4 6 8 10 12 U
X-ray energy (KeV)

Figure 2.7. Low magnification TEM image (a) shows a nanopé&tiocated at the tip of
a ZnO nanowire (2007, J. Liu). EDS spectra (b) shbe element information on
different location. Location 1 is mainly at goldrpele position. Location 2 is located at
ZnO nanowire. (Ti peak comes from the Ti TEM grid)has Zn peak without apparent
Au peak. Electron beam builds carbon contaminatimund sample surface as shown in

location 3.
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The consistency of the observed Au lattice parametth the Wyckoff value
(Wyckoff 1982), the near-bulk Au/ZnO parameter gainferred from the misfit
periodicity, and the EDS spectra discussed abtadicate that major amounts of Zn
are not present in the gold catalyst particle. Tihesgold particles did not deliver ZnO to
the growth interface, and may have been solid dutie nanowire growth. Although the
substrates are located in the below 850°C regitreravthe temperature is far below the
Au melting point, the melting point of an Au-Zn bny system is very complicated. For
example, the alloy melting point is below 800°Ghié Zn concentration is around 25% in
the alloy (Massalski 1986; Liu et al. 2003b). Sdhd may also help catalyze the growth
of semiconductor nanowires (Persson et al. 2004k bat al. 2005). Hence, the
temperature alone can not determine if the gold seéid during the growth process. Our
observations of pure gold rule out the Au-Zn métiyaprocess for our nanowires.

The growth of one dimensional semiconductor nanesviras been explained by
the BCF mechanism (Chapter 1) and by the vapordigalid mechanism (Burton et al.
1951; Wagner et al. 1964). The BCF mechanism useseav dislocation to aid nanowire
growth. The screw dislocation provides a growtlp $te the next layer. This theory was
developed by Sears for illustrating the growth @roury (Hg) whisker (Sears 1955). In
our system, there is no screw dislocation alongzh® growth axis. Hence the BCF
mechanism is not operating here. Another theothesvapor liquid solid growth model
proposed by Wagner and Ellis for silicon whiskerswgh (Wagner et al. 1964). In this
model, Au-Si droplets form when the temperaturarsund 950°C. The liquid droplet
works as a seed to absorb arriving silicon atonh® iicoming silicon condenses at the

interface between Au-Si alloy and silicon whisk€onsequently, silicon whiskers
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formed. Much previous literature has used this them explain ZnO nanowire
formation. Since there is no significant ZnO in tpald tip, it is hard to explain our
specimens in term of the vapor liquid solid growthchanism. The gold may instead be
solid during nanowire formation, in which case @masolid-solid mechanism may be
needed to describe the process.

In our system, source material vapor is generateenwthe furnace is heated to
1000°C. Zinc oxide has reactions with carbon blackl forms source vapor Zn and
carbon oxide or carbon monoxide gas. The sourceorvaiffuses to the cooler
temperature zone of the furnace due to the degsagient, since the lower temperature
zone has relative less source vapor than the cehtbe furnace. Compared with a clean
substrate, gold particles provide a low energyriate to collect ZnO vapor and form
nanowires epitaxially (Dick et al. 2005). In termisthe source vapor deposited on the
gold particles, there are at least two possiblegmies of wire growth.

In the first, source vapor diffuses through thedgoérticle to form single crystal
nanowires. The source vapor diffuses along a cdrat@n gradient created by nanowire
growth at the ZnO interface.

The other process is shown in Figure 2.8. The sowapor deposits on the
surface of the gold particle. Instead of diffusimgo the gold particle, ZnO molecules
travel on the surface of the gold particle to th&ZnO interface. There they are pulled
into diffusion pipes lying in the atomic-thick mddted interface-layer shown above, by
a concentration gradient created by nanowire graatth hexagonal array of coherent
zones described above. The source adatoms denetrpte into the gold particle, so the

gold particle has no reaction with ZnO during tlheeleation process. Moreover, the large
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lattice misfit between ZnO and Au atom rows at ithterface, rather than serving as a
disincentive to growth, is a key to both the densework of observed diffusion pipes,
and a high density of small catalyst-optimized e¢ehee zones i.e. places where the ZnO
lattice and Au lattice on opposite sides of thdudibn layer are aligned so as to favor
creation of new layers. A closer lattice match wlonlean fewer and larger coherence
zones, with a less dense array of diffusion pige$atilitate transport to growth sites

across the buried interface.

I

i Ll

Figure 2.8. The proposed formation mechanism: ZnO vapor disusver the gold
particle and forms the nanowire.

In summary, the thermal vapor deposition methodipees high-density uniform
ZnO nanowires. ZnO nanowires mostly exhibit {8901 growth direction. The gold
particles in our experiment are single crystal Atthaut significant ZnO. Using high
resolution scanning transmission electron microscapd nanoscale EDS, an epitaxial

relation between Au and ZnO nanowires is reporfad(111) plane is parallel to ZnO

(0002 . HAADF imaging revealed a single modulated atcmyel at the interface
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between Au and ZnO, with defined atom-column regiceparated by dark regions
insensitive to beam orientation in Z-contrast whattow an edge-dislocation Burgers’
vector of one gold column spacing (3%). The rows of Zn and Au atom columns above
and below this layer look healthy, although minoxCZperiodicity was detected in the
first Au layer only. These results suggest thaD4s delivered to the growth interface
not by diffusion through the Au particle, but byrfagce diffusion along Au surfaces

including the buried Al111 )nterface. They further suggest the possiblsterce of a

hexagonal network of coherence zones at the ierfahose Au and ZnO alignments
above and below are optimized for catalysis of hayers while the regions between
those coherence zones provide channels for trangpanO to the growth interface.
The bearing of this data on such a coherence-zoogelnand its implications for

nanoscale synthesis in other systems, will be dssdi more fully elsewhere.
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PAPER
3. EFFECTSOF CATALYST THICKNESSON THE GROWTH OF
ZINC OXIDE NANOSTRUCTURES

(Coauthor: S. Liu and J. Liu)

ABSTRACT. Various ZnO nanostructures have beenhsgized using a tin-catalyzed
vapor transport deposition process. Catalyst tlesknhas a direct impact on the final
product morphology. In this paper, we show thateurtie same experimental conditions,
very different nanostructures deposit on a cleanansubstrate, a tin particle coated
substrate, and a tin film coated substrate. Pagtishaped structures form on the clean
mica substrate, aligned nanowires are found orpdrticle coated substrate, and belt
shape structures are found on tin film coated satesin the same temperature zone. At
the same substrate, nanostructure sizes decrease Miigh temperature to low
temperature. The substrates with more catalyst Inaag stronger absorbing capability,

and thus bigger and longer nanostructures are shoaur experimental results.

Controlled synthesis of zinc oxide nanostructuras dgrained a lot of attention due
to its wide range applications as: fundamental dag blocks for future electronic
components (Kuoni et al. 2003), ultrasensitive ggssors (Comini et al. 2002; Arnold et
al. 2003), field emission displays (Banerjee ek@D4), UV detectors (Konenkamp et al.
2004), nanostructured catalysts (Yumoto et al. 1,998lar cells (Keis et al. 1999) etc.
Many chemical and physical methods can be used/thesize ZnO nanostructures.
Direct vapor transport method in a tube furnacsingple and easily accessible. Vapor-
liquid-solid and vapor-solid processes have beeopgsed as the main growth

mechanism of zinc oxide nanostructures in thisesgs(Huang et al. 2001b; Pan et al.
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2001). The fundamental understanding of nucleatind growth processes is still not
well understood. Therefore controlled synthesisdeSired nanostructures is a big
challenge. In the synthesis system, several pasmetay have a big influence on the
final structure including total and partial pressim the tube, substrate temperature, gas
flow rate, and substrate material. Some parametans couple with each other. For an
example, gas flow rate may also have an impacherstibstrate temperature. In order to
understand the system more clearly, we need urahersgtach parameter’s function in the
experiment.

Various metals, such as gold (Huang et al. 2QQdra)Gao et al. 2003a), etc.
have been used as the catalyst to get zinc oxidestraictures. At the same experiment,
the influence of different catalyst thickness i$ well understood. In this letter, we report
a simple method to investigate the impact of aedéit thickness of catalysts on the zinc
oxide nanostructures.

The experimental apparatus includes a horizdnta¢ furnace, and gas supply
system. The mixture of commercial ZnO and carbaglbin a certain ratio was placed in
an alumina boat as source material and locatedearcénter of the tube furnace. Clean
mica, tin particle coated mica, and thick tin fitbated mica were used as substrates put
in the lower temperature zone of the furnace. Thhsee kinds of substrates actually
come from the same piece of mica with differentticgatimes. We set the furnace at
1000°C with the heating rate at about 30°C/minuté kept the temperature about one
hour. Argon gas was used as the carrier gas witlv fate at 15 sccm in one set of
experiments. The nanostructures were depositedhenstibstrates in the temperature

range of 650C-850 C. The pressure was kept at one atmosphere dumngxperiment.
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Morphologies of as-synthesized sample were charaete by high resolution field

emission scanning electron microscope (FESEM JEEAOEX).

(Gas Flow direction

Y

Figure 3.1. The substrate is divided by three parts. One thirthe substrate is the tin
film coated region, one third of the substraterigtrticle coated part and one third of the
substrate has no catalyst.

Figure 3.1 shows that the substrate coating diag@me third of the substrate is
coated with tin film, one third of the substratedated with tin particles, and one third is
clean substrate without coating. The substrat@ésature ranged from 650°C-850°C.

Figure 3.2 is a group of typical SEM images of #m®© nanostructures at 850

with gas flow rate at 15 sccm (standard cubic cesiers per minute). At the same
temperature region, very different ZnO nanostriegwdeposit on the different substrates.
Large faceted ZnO particles cover the surface efclean mica substrate as Figure 3.2a.
In contrast, mica substrates initially covered with particle seeds exhibit short
nanowires with a conical shape at this region asvahn Figure 3.2b. The nanowires are
1-2 micrometers in length, and around 100nm in éi@m All the nanowires are formed

on flat hexagonal-shaped ZnO platforms and perpetatito the substrates. On the other
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hand, mica substrates covered with thick tin filstsow the belt shape structures
presented in Figure 3.2c. The images suggest thabsited materials have a certain
relationship with catalyst thickness. The belt ghapuctures have 1-2 micrometers in
width, 10 micrometers in length, and a thicknestowel0O0 nm. The experimental
condition is same for these different substraté® images show that the thicker catalyst
has more material deposited.

Figure 3.3 records that various ZnO n#&metures form on three different

substrates at temperature of 760 Figure 3.3a describes the faceted shape particie
the clean mica substrate. The structure is simitar850 C region although the

temperature is lower. Well aligned shape zinc oxidaowires form on the thin coating
mica substrate in Figure 3.3b. The uniform nanowligneter is about 100nm and the
average length is about 5 micrometer. The oriematif nanowires is perpendicular to
the (001) mica substrate. The nanowire is longdhis temperature zone compare with
the product in 850°C. Large thin nanobelt nucleatethe thick coating mica substrate as
shown in Figure 3.3c. The length of nanobelt isertbian 10 micrometers, the width is 3-
5 micrometers, and the thickness is below 50nm.nEm®belts in this temperature region
are wider and longer than nanobelts at 850°C, Wikmdcause of the greater source

material.
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Figure 3.2. Various ZnO nanostructures were fabricated at 856A the different
substrates. ZnO particles deposit on the cleantsibswithout coating as shown in
Figure a. Short aligned nanowires with conical gh&grm on the tin particle coated
substrate as shown in Figure b. Belt shape stregtare concentrated in the thick tin film
coated substrate as shown in Figure c. All the exmmtal conditions are the same
except for the catalyst coating.
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Figure 3.3. Various ZnO nanostructures are fabricated on 750PCthe different

substrates. ZnO particles deposit on the cleantibswithout coating as shown in
Figure a. Figure b exhibits the long aligned namesiion the tin particle coated
substrates. Figure ¢ shows that belt shape stesctare formed on the thick tin film
coated substrates.
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Figure 3.4 is a representative group of imagesdifferent nanostructures on
three substrates at 680 region. Figure 3.4a records similar shape strastas before on
the clean mica except the concentration is highen previous results. Some patrticles are
connected together and form honeycomb structurese Mource vapor deposits in this
temperature region than 750°C region. Long nanewiaadomly orient on the thin film
coating mica substrate (Figure 3.4b). The diaméesimilar to the well aligned

nanowires at 750C region. The length is more than 20 micrometetbentation is not

uniform. Figure 3.4c shows that on tin film coasedbstrate, big nanorods are present in
this temperature zone. The length of these nanasoai®re than 20 micrometers and the
diameter is around 1 micrometer.

On the clean mica substrates, from high to lomperature zone, there is not
much change in morphologies of the final produategx the density of the particles. The
faceted shape of the particles means that zinceoas an epitaxial relationship to the
mica substrate as shown in Figure 3.5. Vapor gplidvth mechanism is the main growth
process in regions free of catalyst. Zinc oxide orapucleates on the mica surface
directly, and forms a minimum surface energy sh&wem 650C to 850 C, different
shape structures form in different temperatureareg)i Individual faceted particles are

found at 850C region, denser faceted ZnO particles deposibétQ@ region, and thick

continuous film shaped structures form at 850
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Figure 3.4. Various ZnO nanostructures are fabricated on 650ACthe different
substrates.
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Figure 3.5. The diagram shows that faceted individual nanogadiformation process
on mica substrate.

On the tin particle coated mica substrate, nanostres change from short zinc
oxide nanowires to aligned zinc oxide nanowires kmd) nanowires without preferred
orientation. At high temperature region, very snaatiount of source vapor deposit on the
substrate and form aligned nanowires as shown gurgi 3.6. In lower temperature
regions, longer aligned zinc oxide nanowires fonduse more source material deposits

in this temperature zone.
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Figure 3.6. The diagram shows that aligned nanowire formati@cgss on tin particles
coated mica substrate.

Morphologies of nanostructures on the tin film eshinica also change from high
to low temperature gradually. From small nanobblg nanobelt to nanorods, the
variance is relative to the substrate temperatemedsing. In high temperature region,
source vapor is absorbed by the tin flm and nuekan the substrate to form the belt
shape. At lower temperature region, more sourcewigpabsorbed than high temperature

region, which results in the large thin nanobedtsnid at this area, as shown in Figure 3.7.
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Figure 3.7. The diagram shows that nanobelt formation procagsigk tin film coated

mica substrate.

Substrate temperature has a big impact on the rotogf of the nanostructures
from the SEM images (Li et al. 2006; Umar et al020 On the other hand, in the same
temperature region, the nanostructures morphologies mainly determined by the
substrate material since other parameters are gjoitiéar. The morphologies of the final
products are different due to the catalyst thickrdifference.

On the catalyst substrate, the nanostructure grgmbless is via vapor liquid
solid and vapor solid mechanism (Pan et al. 208/hen the temperature is high enough,
source material is vaporized. The vapor of the soumaterial diffuses away from the

center area due to the high pressure. Source vayaghly sensitive to the temperature.
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At high temperature, vapor has a small chance toleate and deposit. In low
temperature regions (below 300°C) a very small amofl vapor arrives since most of
the material is absorbed by the substrate upstream.

The thickness of the catalyst determines the amofisburce material initially
deposited on the substrates. Thicker coated stbstabsorb more source material vapor
directly than the thinner coated substrates undersame experimental conditions. The
zinc oxide film forms after absorbing enough materiTin and zinc oxide alloy
supersaturates and the zinc oxide nanobelt depwmsitise sites (Li et al. 2003b; Zhang et
al. 2005). Nanobelt size and shape is determinedthbyamount of directly absorbed
source vapor. This is why at 88D, tin particle coated substrates have zinc oxide
nanowires and thick coated tin film substrates haamobelts.

At 750 C, source material increases a lot compare to 858®erature region.

On tin particle coated substrates, source matesriencentrated in this region and forms
long nanowires. On tin film coated substrates,aimd zinc oxide alloy absorbs more
source vapor at 850°C and we get big nanobelts.

At 650° C region, a relative small amount of vapor reacties region and

nucleates on the substrates. Both tin particle ecbaubstrates and tin film coated
substrates show long nanowires or nanorods. Agfatin film coated area absorbs more
material than tin particle coated area and cledstsates. The diameter of the nanowires
in tin film coated regions is larger than in the particle coated region. Only a small
amount of source vapor deposits on clean mica tthreChis is why there is little

variation with the temperature on clean mica.
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Figure 3.8 shows the interface between zinc oxa®particles, and aligned zinc
oxide nanowires, in the same substrate temperategoon. All the experimental
parameters are same except substrate coating. €am ahica, only zinc oxide
nanoparticles are nucleated. In contrast, aligmed @xide nanowires are found on the tin

particle coated region.

N
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Figure 3.8 Low magnification SEM image shows the interfacéwleen nanoparticles
and aligned zinc oxide nanowires.

Figure 3.9 shows that at the interface betweempérticle and tin film coated
substrate, zinc oxide nanowire and zinc oxide nahaimake a clear transition. Thus

catalyst thickness difference results in very défe structures.
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Figure 3.9 Low magnification SEM image shows the interfacéwaen aligned zinc
oxide nanowires and zinc oxide nanobelts.

In summary, various zinc oxide nanostructuresewgynthesized in a vapor
transport deposition system on different thickneatalyst coated substrates. Catalyst
thickness decides the capability of the substmateapture source vapor. The deposited
source amount helps determine the final struct@esclean mica, limited source vapor
is absorbed. There are no nanobelts or long naeewin the surface. On tin particle
coated substrates, the amount of source materisbriaddd results in short aligned
nanowires, long aligned nanowires, and randomlgrmed nanowires. Similar variation
is found on the tin film coated mica substrate. Tihal structures are mainly determined
by the absorbing vapor amount. The thickness ddlystt has a direct impact on the

absorbing coefficient.
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PAPER
4. VERTICALLY ORIENTED ZINC OXIDE NANOCONTAINERS
GROWN ON MICA SUBSTRATES

(Coauthor: J. Liu)

ABSTRACT: A simple chemical vapor deposition methoas been used to fabricate
hollow zinc oxide structures. The process begins &iclean mica surface without any
metal catalyst. The vapor solid growth mechanisterd@nes the final states. A simple
fabrication method makes an enabling technology,afaplications in electronics and

pharmaceutical research.

Zinc oxide nanostructures have been synthesized iawvestigated by many
groups due to their potential applications in ofgoonics (Huang et al. 2001a), sensors
(Yu et al. 2005), and nanoscale heterojunctionk(leaal. 2003). Uniform size and shape
are very important for all applications. Here wendastrate a simple method for the
fabrication of zinc oxide nanocontainers. The psscéakes place on the clean mica
substrates. Mica plays an important role for growah aligned shape zinc oxide
nanostructures, since it is a layered silicate rmadtevith highly ordered surfaces whose
layers are parallel t¢001 planes. The container shape has strong potdotiaise in
drug delivery.

A simple procedure was devised for nanocontaineswtir Wang et al.
synthesized zinc oxide nanocastles through carbernral evaporation method (Wang et
al. 2006b). The shapes of products are similar,obmtnanocontainers are much smaller

than theirs. The same mass of zinc oxide powdexeanwvith carbon black as the source
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materials. The source material was loaded intolamiaa tube furnace. A fresh cleaved
mica sheet was put downstream of the argon gas diogction. After purging the tube
using argon gas for about 20 minutes, the furnaae lveated up to 1000°C at the rate of

20° C/min. At the same time, the gas flow rate waste&0 sccm. The temperature and

gas flow were held constant for about 60 minutdgenrthe furnace was turned off and
the system cooled down quickly. Zinc oxide nanoaomrs are obtained at the 700°C-

800 C.

The nanostructures are characterized by scarglewron microscope. Figure
4.1 (a) is a low magnification SEM image showing tmiform distribute aligned growth
container shape structures. Figure 4.1 (b) shoasdach container size is around 200-
400nm. Most of the containers are empty inside laane hexagonal outer edge shape
walls. The wall thickness is below 100nm.

While investigating some lower temperature regioms,found that some of the
nanocontainers are covered and form hexagonal sbalpenns (Figure 4.2). Below
20nm in diameter nanofibers grow in the centetheté containers. From Figure 4.2, the
container is covered gradually until totally cowkreince some of the containers are

partly covered in Figure 4.2b.
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Figure 4.1. (a) Low magnification SEM image of zinc oxide naoptiners grown on
mica substrate; (b) higher magnification SEM imafjeop view nanocontainers (2007, J.
Liu).
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Figure 4.2. (a) Some of nanocontainers are covered (200iuy. (b) most of the lids

are covered and form a tip on each container.
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Another experiment used the same process excepgab flow rate was set to

zero after temperature reached 1000°C. The scam@agron microscope recorded the

results, as shown in Figure 4.3.

Figure 4.3. SEM images of cone shape nanocontainers. (a) iewhenagnification SEM
image of the containers. High magnification SEM gagb) shows that the diameter of
the container is around 2 micrometers.

From the low magnification SEM image Figure 4.3,ca@ see the distribution of

zinc oxide containers. These containers have adogmeh shaped base, as in the last
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experiment. Different from the previous results,stnaf “wall” parts of the containers are
very short, which may be because much less souapervis collected by the sites in

comparison with the last experiment.
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Figure 4.4. Scanning transmission electron microscope imagészinc oxide
nanocontainers. (a) is high angle annular darkfieldge of the container and (b) is the
bright field image. (c) is high angle annular dakf image of another container and (d)
is the bright field image (2007, J. Liu).
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Zinc oxide nanocontainers were investigated by micgntransmission electron
microscope as shown in Figure 4.4. Figure 4.4a shawypical low magnification dark
field image of container shape structures. Figudé 4hows the bright field image. From
the images, we can tell the shape is consisteiit 8M results. The structure has solid
hexagonal crystal base and rods or belts shapewuling the base. The diameter of the
base is around 1 micrometer.

In lower temperature regions, more source materggor nucleates on the
products. The nanocontainers are closed. On pessgiloidel: Zinc oxide nanocrystals
first deposit on the mica surface, and form a murimsurface energy shape (Figure 4.5).
Later source materials build on the hexagonal basetly. When the source temperature
decreases, much less source material is evapofédete of the containers absorb vapor
and form closed containers with needle-shaped tsiie& on the top. Some of the

containers are not fully covered.

mr ™
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Figure 4.5. Schematic steps of formation of nanocontainers.
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Since no catalyst particles are used in our exparimt is clear that the synthesis
proceeds via the vapor solid process. Zinc oxidenatnucleate on the substrate surface
first and form nanocrystallites. The width of thentainers becomes smaller and smaller,
with nucleation of more and more zinc oxide layé@ise last layer of zinc oxide fully
covers the nanocontainers.

In conclusion, we have successfully grown verticatiriented zinc oxide
nanocontainers on clean mica substrates using sioi@mical vapor deposition method.
Clean mica sheets are keys for the epitaxial groilese nanocontainers have uniform
size and shape. More investigation is needed w thire relationship between the first
layer of nanocontainers and mica substrates. Mavek vis needed to find different
products on the catalyzed mica substrates. Sinca imieasy to cleave, it will be a good
candidate for nanomaterials fabrication. This sengpynthesis method may also be easy

to be applied to other nanomaterials.
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3. SUMMARY AND OUTLOOK

A systemic study has been conducted in the syrthesid characterization of
nanoscale materials. We have achieved several.ddsilsg the digital darkfield imaging
analysis method, we can quickly identify the laticinge relationship between catalyst
particles and carbon nanotubes. Various contralalic oxide nanostructures have been
synthesized through thermal evaporation. Atomicicstre relationship between gold
catalyst particles and zinc oxide nanowires havenbanalyzed through aberration
corrected scanning transmission electron micros@py energy dispersive X-ray nano-
analysis. Catalyst effect on the final products besn investigated by scanning electron

microscopy.

3.1. NANOSTRUCTURE APPLICATIONS

Our work is not just about getting nanoscale makeriMore importantly, we
want to understand the formation mechanism of tk&setures. We further utilized zinc
oxide nanostructures synthesized in our systeno twothe fuel cell experiments.

Zinc oxide nanobelts or nanoribbons are perfectlicetes for the support of the
catalyst particles, due to their special morpholdgatalyst particles are easily attached to
the nanobelts and stabilized. Here we put pallagianticles on a ZnO surface to be used
as catalyst for onboard steam reforming of meth&mptoduce hydrogen gas (lwasa et al.
1995).

After putting the palladium particles on nanoribbpthere is no clear change for
the zinc oxide nanobelts in low magnification sdagnelectron microscope image as

shown in Figure 3.1. High resolution SEM imageig(Fe 3.2) reveal palladium patrticle
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size and distribution. The average diameter of gh#adium particles on the ribbon

supports was 20nm.

Figure 3.1 Low magnification SEM image of Pd particles onczoxide nanobelt (2008,
J. Liu).

ks ‘-__2.00 nm

Figure 3.2 High magnification SEM image of Pd particles onczoxide nanobelt (2008,
J. Liu).

More structure information can be revealed by scaptransmission electron

microscopy. In Figure 3.3, images give us cleargenaf Pd particles located on various
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places of zinc oxide nanobelt. After heat treatmeéné¢ palladium and zinc alloy is

formed on the zinc oxide nanobelt as shown in @B ¢ and Figure 3.3.d.

Figure 3.3 (a) Low magnification high angle annual darkfi@@TEM (HA-ADF) image
of Pd on ZnO nanobelt. (b) High magnification STHBMght field image of Pd particle
on the center of the nanobelt. (c) and (d) are H¥Amages of Pd particle on the side
of the nanobelt (2008, J. Liu).

This is one of the applications of the zinc oxidenobelts in our experiment.

More and more application in other areas will beeligped by researchers later.
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3.2. CHALLENGESAND OUTLOOK

We have investigated the structure relationshipveeh gold catalyst particles
and zinc oxide nanowires. Some literature has teddhat the orientation of nanowires
is determined by the substrate lattice parametenstMof their work is based on
theoretical calculations. High resolution TEM waskneeded to solve the problem.

Another problem is tin induced zinc oxide nanobeltdnder scanning
transmission electron microscope, the nanobeltssimgle crystal and without defects.

Our tin catalyzed nanobelts have standard ZnOtstreg as shown in Figure 3.4.

Figure 3.4. High resolution STEM image of tin catalyzed zmdade nanobelt (2007, J.
Liu).
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From energy dispersive spectra obtained from the akxide nanobelts, we could
not find the tin signal as shown in Figure 3.5. Th@eak comes from a Ti TEM support
grid. Hence future work is needed to investigateitiierface between the belt and the tin
catalyst particles on the substrates.

From our work, we get some results but we also emew many challenges.
Some difficulties come from experimental designsl @perations. Some difficulties
come from the challenge of explaining experimergallts.

Delicate instruments must be designed to contmletkperiments more carefully.
The problems originate from the repeatability oé #xperimental results by the same
parameters. Part of the problem arises becaus@&ahestructures are so sensitive to
minor changes of the parameters like gas flow repeirce material temperature, and
substrate temperature etc. Compared with the inadit low pressure chemical vapor
deposition experiment setup, our experiment mingwizhe influence of pressure
variation. Still effects are apparent in the expemtal results. Delicate instruments will
be needed for a wider range of nanostructure sgrgherk.

In understanding the formation mechanism for varistructures, vapor-liquid-
solid, vapor-solid, and vapor-solid-solid mechanisave illustrated some results. In situ
observation during growth may help to confirm thedry. Also some of the results are

artistically impressive, but remain hard to explain
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Figure 3.5 (a).Low magnification transmission electron micase image of zinc oxide
nanobelt supported on a continuous carbon film. Eloergy dispersive spectra obtained

from the zinc oxide nanobelt.
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In our experiments, we synthesized aligned zin@exnanowires, zinc oxide
nanobelts, castles and long fibers. We also geesoyproducts like zinc oxide hollow
spheres. In the SEM images, the diameter of thersghs around 500nm. Some of the
spheres are partly open as shown in Figure 3.6teTae some particles on the sphere
surface. In order to identify if the sphere is dadr hollow, we put the sample into the
transmission electron microscope. Under TEM, wal fthat most of the spheres are
hollow shape, as shown in Figure 3. 7.

It is hard to understand the process of hollow spf@mation. In our experiment,
we did not intentionally design hollow spheres.

Besides hollow spheres, there are many interestiagphologies formed in our
experiments as shown in Figure 3.8. High symmeiaygle shaped zinc oxide rods have
been observed as shown in Figure 3.8a. The lerfgtieaod is around 40 micrometers.
It is very interesting to find that the structurashrods in three symmetric directions.
Hexagonal zinc oxide rod cross-section is also mfeseas shown in Figure 3.8b. The
nanorod has six sides, and at the top the rod thex¢ip. Figure 3.8c shows that nanorod
flower-like structures. The nanorods have similmgth and originate from the same
point. Another kind of flower-like structures issal shown from our experiments in
Figure 3.8d. Different from the rod shape, the ctires have flake structures attached

together.
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Figure 3.6 SEM image of zinc oxide hollow sphere structugg0g, J. Liu).



112

Figure 3.7 TEM image of the zinc oxide spheres. From the iesagve can see that some
of the spheres are hollow inside.
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Figure 3.8 (a) Zinc oxide triangle shape needles. (b) Zinegdexhexagonal shape
nanorods with a sharp tip. (c) Zinc oxide needbavélrs. (d) Zinc oxide flower like shape
structures (2006, J. Liu).

Some zinc oxide structures look impressive but hardnderstand, like the zinc
oxide golf club structure shown in Figure 3.9. Thare about two 10 micrometer
diameter rings on the top and bottom sides withuats) micrometer length fiber
supported. Another one is zinc oxide fence-shapectsires, as shown in Figure 3.10.

The circle is about 30 micrometers in radius, dretd is a cluster shape in the center of

the circle. All these shape results are hard teetstdnd.
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Figure 3.9 Zinc oxide golf rod shape structures (2006, J).Liu

Figure 3.10 Zinc oxide fence structures (2006, J. Liu).

The foregoing structures are by-products of ouc zixide synthesis work. Other
materials have also been synthesized. The reshbtisy ghat we are still short of
controlling the experiments. Understanding the ewst and the crystal growth

mechanisms remain a challenge.
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Figure 3.11 The lantern shape structures made of silicon oxa®wire (2006, J. Liu).

Silica nanowires were synthesized in a thermal erafwn experiment. Figure
3.11 and Figure 3.12 show lantern and glasses ghsafractures. These nanowires

reconnect together after a comparable separatstardie. How does this happen?

-

Figure 3.12 SEM image of silica “glasses”. The diameter of tlasses is around 20
micrometers (2006, J. Liu).
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In our experiments, we also get zigzag tin oxideowdares as shown in Figure 3.
13. About every 2 micrometers nanowires twist towlb’5° and form the zigzag shape.
The length of the nanowires is around one hundredometers. It is not clear how the
zigzag structure forms and why this nanowire is stadight. It could happen because of

minor gas flow change or temperature change. Markws required to understand the

formation mechanism.

Figure 3.13 Tin oxide zigzag shape nanowires. Every about @ameters there is a 75°
kink and form the zigzag shape (2006, J. Liu).

This dissertation reviews novel nanoscale mategedg/n by thermal evaporation
techniques. The various growth morphologies arensamnzed and characterized by
electron microscope. Various growth mechanismspaoposed. These nanostructures
have wide applications. The development of techesdor integration of nanostructures
with other electromechanical and biosensor sysiesmeeded.

Although there are some issues which are not wedletstood, with more and
more work on this field people will gain deep irsgigFurther progress in nanoscale

materials will require a closer collaboration betwephysicists, chemists, and biologists.
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APPENDI X

SYNTHESISAND CHARACTERIZATION OF ANTIMONY-DOPED
TIN OXIDE NANOSTRUCTURES

(As appeared in Microscopy and Microanalysis (200p)768)

J. Wang, D. Zhou,"™ P. Fraundorf,” and J. Litr"

*Department of Physics and Astronomy, University bfissouri-St. Louis, One
University Blvd, St. Louis, MO, 63121
** Center for Nanoscience, University of Missouti-&ouis, One University Blvd, St.

Louis, MO, 63121

INTRODUCTION

Antimony-doped tin oxide (ATO) possesses speciactecal and optical
properties and has applications in transparentreldes, energy storage devices, print
displays and heating elements. ATO nanostructuees tbeen fabricated by treating
colloids of tin antimony oxide in an autoclave (Kt al. 2000). Thermal evaporation
technique has recently been used to synthesizei@migptal oxide nanostructures (Pan et
al. 2001). We report here the synthesis and cteraation of ATO nanostructures using

a technique similar to that reported in refererRan(et al. 2001).

EXPERIMENT

The experimental setup for synthesizing the ATOos#mictures consists of a

tube furnace, a gas controlling system, aluminaduénd a vacuum pump (Pan et al.
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2001). Commercially available ATO (10wt%§b3-90wt%SnCé) powders are used as

the source material (in the high temperature z&¥€Z]). Alumina plates and two kinds
of silicon wafers are used as substrates, one d&irgilicon substrates are clean silicon
wafers and the other one are coated with Au pesiglith sizes ranging from 2nm to
50nm (Figure 1). The furnace temperature rangewdsst 1000C and 1400C and
various substrates (silicon plates and aluminaep)atvere used to collect the product
(from middle temperature (MTZ 700-80C°C) to low temperature zone (LTZ 3@
400°C)). The form of the final products varies with expnental condition. The as-
synthesized products were characterized using fietdission scanning electron

microscopy (JEOL 6320FX) and transmission elecinacroscopy (PHILPS EM 430ST).

RESULTSAND DISCUSSION

We use 1050°C as the experiment temperature. Als@ut the two types of
silicon wafer substrates at 600-700°C temperatone.zZT he silicon substrates were put in
parallel along the downstream of gas flow. Promhustment of gas flow rate is critical
to the formation of the final products on the siicsubstrates. Very different products are

formed on different silicon wafers and differentnigerature zones.



119

Figure A1 SEM image shows silicon substrate coated with galtbparticles.
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Figure A2. (a) ATO powders grow on the clean silicon substretgure A2. (b) Shows
growth of ATO powders on the Au/Si substrate, rémgathe presence of large Au
particles. The temperature of the silicon subssratas about 700°C-800°C.
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Figure A3. (a) ATO clusters on the clean silicon wafer at 600700°C temperature
zone. Figure A3. (b) Au-promoted growth of ATO nanowires at the same°60d’00°C
temperature zone.
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Figure A4. (a) ATO powders on the clean silicon wafer at 500°G0%€ temperature
zone.Figure A4. (b) Au-promoted growth of ATO nanocones at the san@®®0700°C
temperature zone.

Different shapes of blocks form on the clean siliceurface at different
temperature zones (Figure A2a, figure A3a and égida). The sizes of these powders
are about a few hundreds of nanometers. Small Ali€ters nucleate on the smooth Si

surface first. Then these seeds absorb ATO atonferto the lowest surface energy

shapes of large powders.



123

On the AuU/Si substrate, at the high temperatureez¢r00°C-800°C) Au
nanoparticles sinter to form large particles assshm figure A2b. Itis not clear yet why
the ATO powders were formed and the Au particled ot promote any controlled
growth at this temperature zone.

In the lower temperature zone (600°C -700°C), hawnethe presence of Au
nanoparticles promoted the growth of ATO nanowiresflles as shown in figure A3b.
The Au particles are all at the top of the nanosyireedles.

At even lower temperatures (500°C -600°C), the Anoparticles promoted the
growth of nanorods/nanocones (Figure A4b). Thendiars of the nanorods/nanocones,
however, are much larger than the sizes of theaoparticles.

At 500°C -600°C temperature zone, the diamete®&T&@ nanowires are around
100nm. And the lengths of the nanowires are ab6t2Qum (Figure A6). Compare with
600°C -700°C (Figure Ab) temperature zone prodingse nanowires are shorter and

bigger.
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Figure A5 ATO nanowires formed on the gold coated silicorfersa at 600°C -700°C
temperature zone.
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Figure A6 ATO nanocones formed at 500°C -600°C temperature.z

TEM images also show the phenomena which we haserebd in SEM (Figure
A7). Gold particles are more clearly shown in TENBies.

HRTEM and electron diffraction pattern reveal thhé nanowires are single
crystalline (Figure A7). Electron diffraction andRHIEM lattice fringe analysis shows
that the crystal structure of the nanowires is anttbombic. And the growth direction of

the nanowires is alonfd10] direction.



126

Figure A7 HRTEM image shows ATO nanowires lattice fringe2m is tin oxide
orthorhomic structure (114) spacing, 0.39nm is j06gacing and 0.36nm is (110)
spacing. The small inset is corresponding diffi@acpattern of same location.
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Figures A8a and A8b A representative SEM image of the fabricated ATrOdpcts. A
unique tree-like structure was frequently observéds interesting to note that most of
the tree branches have flag-like morphology attipe of the branches. The dendritic
(Figure A9) structures are artistically amusingt bioe presence of these structures
reduces the yield of the desired structures.
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XS . : _
Figure A9. Unique hollow structures have also been obserVéeése tube structures
seem to have a well-defined external shape (squa).

We have also observed the growth of various tygesiarphologies of ATO:
tree-like, dendrites, tubes of various shapes, ®@ are still working on understanding
the growth processes of these different types obsi@uctures and how to control the
experimental conditions to optimize the yield ofided nanostructures.

A nanowire growth mechanism has been proposed pgrvajuid solid or vapor
solid growth for many years (Wagner et al. 19649ld3articles change to liquid state
and absorb ATO atoms. ATO particles will deposid atrystallize on the silicon
substrates. There are different model for the namesiwgrowth (Dubrovskii et al. 2006).
In our experiment, gold catalysts trigger the selcstep growth. ATO vapor may deposit

on the clean silicon surface to form the lowestfezieg energy shape. Gold particles

trigger the growth of the nanowires and nanocones.

CONCLUSIONS

Different ATO nanostructures have been fabricated eharacterized. HRTEM
and SAD analysis indicate that the nanowires att@odnombic structure. The formation
of nanowires can be interpreted by VLS growth madma. Our results show that the Au

nanoparticles promote the growth of ATO nanowinesamorods/nanocones.
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