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SUMMARY

Quasi one-dimensional (1D) nanostructures showt greanise for many
applications, including in solar cells, nanogenamaand chemical sensors, due to the
high surface-to-volume ratio and unique propemiesanostructures. The growth of
these nanostructures is commonly catalyzed by matabparticles and generally
attributed to the vapor-liquid-solid (VLS) mechanis The purpose of this research is to
better understand the role of the catalyst nanmbestin the growth of 1D
nanostructures, in order to allow improved contfalhe synthesis process. To this end,
nanostructures were grown with a variety of comgmss, including Au- and Sn-
catalyzed ZnO, Au-catalyzed && and Au-catalyzed Si nanostructures. The
morphology of the nanostructures was charactematidelectron microscopy, and the
crystallographic orientation with X-ray texture &ss. The catalyst particles were
further characterized with both-situ and post-growth X-ray diffraction. The types of
bonding in the source material and catalyst plaigaificant role in the diffusion path of
the source material to the growth front and indaglyst particle state during growth.
Dissimilar bonding types in the source material eathlyst prevent bulk diffusion of the
source material through the catalyst, thereby priwg eutectic melting of the catalyst.
These results bring new insight into the catalygexvth of 1D nanostructures and assist
the informed choice of appropriate catalyst makeri@hich may aid the utilization of 1D

nanostructures in energy-related and other appitsit
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Introduction

1.1.1 The Promise of Nanoscience and Nanotechnology

Nanoscience and nanotechnology are research drgesabinterest at this time.
The U.S. National Nanotechnology Initiative (NNWill provide $1.64 billion for
nanotechnology research in 2010, for a total of@aamately $12 billion since its
inception in 2001 [1]. This level of interest igedto the promise of nanoscience and
nanotechnology to revolutionize the technologiegabilities of the world. In the words
of J. Storrs Hall, “Nanotechnology has the potéritinincreasing our physical
capabilities more than did the industrial revolatiq2]

From a materials science point of view, nanosceiknse is promising because of
surface effects. As the diameter of a particlee®ses, the surface-to-volume ratio
increases, and the fraction of atoms on the sudacesases. Assuming a spherical
particle with a surface thickness of 0.3 nm, appnately 0.0001% of the atoms are on
the surface of a particle with a diameter of 1 MmM% with a diameter of Im, 1% with
a diameter of 100 nm and fully 10% of the atomscer¢he surface of a particle with a
diameter of 10 nm. The behavior of a surfaceteyadl from that of the bulk due to the
broken bonds of the surface atoms. Therefore mat®snaterials, with a high fraction of
surface atoms, will have altered properties. Kangple, the melting temperature of

metallic nanoparticles decreases with decreasiameter [3, 4], the emission wavelength



of CdS, CdSe and CdTe quantum dots blue-shifts aatitreasing diameter [5], and the
elastic modulus of quasi-one-dimensional ZnO nanogires increases with decreasing
diameter [6, 7].

A significant amount of research, including thisriydhas been directed towards
guasi-one-dimensional (1D) nanostructures. Th&seahostructures have large aspect
ratios with diameters on the order of 100 nm os [& 9]. They are often classified
according to the cross-section shape. Nanowirdsianorods have approximately
circular cross-sections, nanobelts and nanoribbare rectangular cross-sections, and
nanotubes are hollow. (The term ‘nanowire’ is alffen used as a general term for all

1D nanostructures.)

1.1.2 Potential Applications of One-Dimensional Nanostrutures

The progress of application of nanostructures abwerld, in-the-store products
has been divided into four generations by Roco.[I0je first generation consists of
passive uses of nanostructures, typically as agditio improve materials properties.
The second generation consists of active usesrmafstrauctures, such as sensors,
transistors and actuators. The third generatidincamsist of systems of nanosystems,
and the fourth of molecular nanosystems.

Many examples of first generation, passive nanaoteldyy are already in the
marketplace. For example, ZnO and Ji@anoparticles are added to some sunscreens to
improve light scattering. Nanowhiskers are attddioeclothing fibers to produce “stain-
free” fabric. Platinum nanoparticles in automotoagalytic converters make use of the

large surface-to-volume ratio of nanopatrticlesl, [12]



Furthermore, the nanotechnology market is incrgasirux Research, a
nanotechnology business research firm, estimagas8 billion worth of
nanotechnology-enabled products were produced®b £01], which quickly grew to
$147 billion in 2007 [12]. By 2015, the marketigpected to be $3.1 trillion [12], a
growth of more than 2000% in eight years. A lgogét of this growth will likely be in
second-generation, active nanotechnology.

Many potential second generation, active applicatiof 1D nanostructures have
been demonstrated, as seen in Figure 1.1. Meid¢ aanowires and nanobelts have
been fashioned into chemical sensors, based guh#tr@menon that their conductivity
changes appreciably when exposed to different ate@mdue to the high surface-to-
volume ratio [13-19]. The same principle can bedu® detect biomolecules when the
nanostructure is suitably functionalized [20, 21D nanostructures with photonic
properties have been used as photosensors [22&%);lasers [26, 27], light-emitting
diodes (LEDs) [28, 29] and wave-guides [30]. 1Dostructures also show promise for
improved solar cell performance [31-36]. Carbonatabe (CNT) films have been

fashioned into flexible, transparent speakers [37].
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The piezoelectric properties (i.e. displaying at#ical response to a mechanical
stimulus, and vice versa) of some 1D nanostrucfumest commonly of ZnO, also allow
many potential active applications. These appboatinclude nanogenerators [39-43],
capable of generating electric power from environtakvibrations or oscillations, and
outputting either alternating- [38, 44] or directrent [45-48] (AC or DC, respectively)
depending on the device design. Piezoelectric &structures have also been
demonstrated in force sensors [49-52], in whichrgb&arriers become trapped due to
bending of the nanostructure, causing a measuchblege in conductivity.

Other uses of 1D nanostructures include as fieliters [53-55], mass balances
[56], and temperature sensors [57]. Silicon nanesvihave been found to improve the
performance of Li-ion battery anodes [58-61]. He tnedical field, besides biosensor as
discussed above, 1D nanostructures have been arstearfor imaging [62] and for

detecting electrical signals from neurons [63] hedrts [64].

1.1.3 Motivation of This Work

Central to realizing these near- and long-termiappbns, as described in section
1.1.2 above, will be the ability to control thefsaigned growth of arrays of 1D
nanostructures. Manipulation of nanostructures d@sirable configurations is a
significant problem. Individual nanostructures t@moved using the probe of an
atomic force microscope (AFM) [65], but the procexlaannot easily be scaled up for
commercial production.

A solution is to self-assemble the nanostructugegrbwing them in the desired
arrangement. Toward this end, patterned arragiigried nanostructures have been

grown by a vapor deposition method. The nanosirastare patterned by patterning the



metal catalyst necessary for growth [66]. Muchhaf research into the catalyzed growth
of 1D nanostructures has concentrated on the erapeffect of varying the processing
parameters, such as temperature, pressure andArbetter understanding of the
underlying science behind the mechanisms of folonatf these nanostructures would
allow controlled production and tailoring of thenostructures via the synthesis process.
This research addresses the synthesis mechanighefoatalyzed growth of 1D
nanostructures. The growth of silicon and seveethl oxide nanostructures is

examined. Special attention is placed on theabtbe catalyst during growth.

1.2 Background

1.2.1 Morphologies and Compositions of One-Dimensional Nestructures

Quasi-one-dimensional (1D) nanostructures havehsidh the order of 100 nm
or smaller and lengths on the order ofrh or larger. These nanostructures are generally
classified according to their morphology and conipms. A wide variety of both
morphologies and compositions have been synthesized

The most commonly grown morphology of 1D nanostreg, as seen in Figure
1.2, have nearly circular cross-sections. Thesestauctures are generally known as
nanowires, or as nanorods when the aspect rateasvely low. Nanotubes are also
circular in cross-section, but with a hollow corED nanostructures are also often grown
with rectangular cross-sections, which are knownabelts or nanoribbons. Related
morphologies built on nanobelts of polar materiaigh as ZnO, include nanorings and
nanosprings. More complex heterostructures ofdiratt 1D nanostructures have also

been grown. [13, 67, 68]
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Figure 1.2 Types of 1D nanostructures commonly ofesk including
nanowires with circular and hexagonal cross-sestioanotubes and
nanobelts.



One-dimensional nanostructures are commonly grdveemiconductors, due to
their functionality and potential for applicationslanostructures have been grown of
elemental semiconductors, including silicon [69-888 germanium [71, 84, 93-101], llI-
V semiconductors, including GaAs [102-111], GaNZ41114], GaP [102, 104, 115-117],
InAs [102, 104, 105, 118-121] and InP [102, 104£,1723], and II-VI semiconductors,
including ZnO [66, 124-148], ZnS [149-152], CdS 31854], CdSe [155], ZnSe [156,
157], ZnTe [158] [159] and GaSe [160]. Besidesisenductors, 1D nanostructures
have been grown of oxides, including MgO [161-1&3]0 [169-171], F&©, [172],

SnG [173-177], InO5 [173, 178, 179], G5 [173, 180-183] and BO; [184]. 1D
nanostructures have also been grown of variouslsnéi85-188], and, of course, carbon
nanotubes have long been a subject of much resedechst [189-198]. From the wide
range of compositions of 1D nanostructures, ivident that the formation of 1D
nanostructures is a common phenomenon, and thatstadding the synthesis process

behind these nanostructures will have wide appiinah many areas.

1.2.2 Catalyzed Growth of One-Dimensional Nanostructures

1.2.2.1 Growth Techniques

The growth of 1D nanostructures is commonly accashpd using catalyst
particles [199]. The source materials are genesalpplied to the catalyst in the vapor
form, although solutions [200, 201] and superaiitituids [92, 202, 203] have also been
used. A wide variety of techniques may be useslifiply the source material vapor, as
will be discussed in section 1.2.2.1.1 below. Tatalyst particles are generally
deposited on a substrate, where they serve astoliesites for the source material.

Growth occurs at the interface between the catalgdtcle and nanostructure. A wide

8



variety of materials and techniques may be usethtcatalyst, as will be discussed in

section 1.2.2.1.2 below.

1.2.2.1.1 Source Material Supply

The source material vapor may be supplied in sédéfarent ways, which can
be divided into two broad categories: techniqbes supply the source materials in the
form of the individual elements or the desired sgpeéor the nanostructure composition,
and techniques that supply the source materidlseifiorm of compounds that must be
decomposed at the catalyst particle.

For the first category, thermal vaporization is $iraplest method, involving the
heating of source material of the same composé®desired for the nanostructure to a
sufficient temperature to vaporize the source nedteilhe vapor is then driven by a
carrier gas flow to the catalyst particles in adowemperature region, where the
nanostructures grow. Thermal vaporization has loesed for the growth of a wide
variety of nanostructure compositions, primarilyt hot limited to, II-VI semiconductors
including ZnS [149-152] and many oxides including¥[124-140]. A related technique
is molecular beam epitaxy (MBE), where each elersestipplied in separate molecular
beams generated by heating elemental sources iddénwcells. For example, MBE has
been used for the growth of ZnSe [156, 157] andeZiib8]nanostructures. A laser can
also be used to vaporize the source material freolid target, a technique known as
pulsed laser deposition (PLD). For example, PLB lbeen used for the growth of GaP
[117], FeOy [172] and MgO [165, 166] nanostructures.

For the second category, which decomposes moleounlése surface of the

catalyst to supply the source material, chemicpbvaeposition (CVD) is common. In



CVD, the vapor is simply flowed over a heated statst An example is the growth of
silicon nanowires via the decomposition of silaBéH) over gold catalysts [71-79]. A
subset of CVD is metal-organic chemical phase dépogMOCVD), in which one or
more components are supplied in the form of anracgeomplex. MOCVD is
commonly used for the growth of 1D nanostructurfe$l/ semiconductors, such as InP
nanostructures from trimethylindium (In(G)3) and phosphine (P§[102, 104, 123]or
tertiarybutylphosphine (P(@Elg)s) [122]. The CVD process can also be enhancedigfro
the use of a plasma, a process called plasma-esthahemical vapor deposition
(PECVD). PECVD is commonly used for the growttcafbon nanotubes [189, 194,
195]. Chemical beam epitaxy (CBE) supplies ea@ntbal species in separate beams,
in a manner similar to MBE. CBE has been usedhergrowth of InAs nanostructures
from trimethylindium (In(CH)3) and arsine (Ask) [102, 104, 118, 119] or

tertiarybutylarsine (As(gHg)3) [105, 120].

1.2.2.1.2 Catalysts

The vapor deposition techniques discussed abovbeiabsence of catalysts,
generally result in thin film deposition. Catalygtromote the growth 1D nanostructures.
The catalysts are in the form of metallic nanogéet. The most common catalyst
material is gold, which has been used to catalyeegtowth of almost every type of 1D
nanostructure. (See, for example, Au-catalyzdd@di Ga0O3 [180], GaP [117], CdS
[153] and InSe; [204] nanostructures.) The exception is carbaroh#es, which are
generally catalyzed by iron, cobalt or nickel. €Sr example, references [190, 193],
[194] and [189], respectively.) These and othangrtional metals have also been used to

catalyze other nanomaterials. To a lesser extenttransition elements have also been
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used as catalysts, for example Sn-catalyzed Zn{) fd@€atalyzed CdO [171] and In-
and Ga-catalyzed Si nanostructures [85].

The catalyst particles may be deposited on thetsatbssia several different
methods. Colloidal nanoparticles of the catalyatarial may be dispersed in a solution
and deposited on the substrate. (See, for exathglie,use in the growth of Au-
catalyzed 18Se; [204], SnQ [173], ZnO [146, 147] and InAs [121] nanostructiyeThe
most common technique is to deposit a thin filnthef catalyst material, which separates
into nanoparticles upon heating. (See, for exantp&r use in the growth of Ag-, Ni-,
and Au-catalyzed ZnO nanostructures [139, 140]cAtalyzed Ge and Si nanostructures
[100]; Au-, Ag-, Al-, Ni-, Pd- and Pt-catalyzed Cd0r1]; and Au-, Al-, W-, Ta-, Ag-,
Pd-, Mo-, Nb-, Cu-, Ti-, Cr-, Fe-, Co- and Ni-catadd SnQ[174].) Less commonly,
the metal catalyst may be reduced from an oxide) #ee Sn-catalyzed growth of ZnO
nanostructures where Sunf3 vaporized with the source material and a ragyeigent
[66, 142, 143], or the metal catalyst may be piitatied from solution, as in Ni-catalyzed

Ga&0s3 nanostructures, where the nickel is precipitatethfa Ni(NQ), solution [181].

1.2.2.2 Growth Theories

Research into the growth of 1D nanostructures gretof earlier investigations
of the growth of larger whiskers, with diameterstioa order of 100m or larger. One
prominent early explanation for whisker growth vpas forth by F. C. Frank and co-
workers around 1949 [205-207]. In this theorydhewth of high aspect ratio crystals is
due to crystal defects, in particular, the presei@screw dislocation parallel to the
long axis. The intersection of the screw dislamagxis and the top surface of the

whisker results in a perpetual step on that suffasseen in Figure 1.3. The perpetual
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step provides a more favorable place for the atb&ch of atoms, as compared to the
sides of the whisker, which do not have steps.réfbee, the growth is faster along the
axis of the screw dislocation than on the sidegileg to a high aspect ratio. The Frank
screw dislocation mechanism was cited in the grafttopper [208] and mercury [209]

whiskers.

Figure 1.3 Intersection of screw dislocation with surface of
growing whisker, showing perpetual step, as inRtenk screw
dislocation growth theory [205]. Reproduced bynpssion of The Royal
Society of Chemistry.

However, in detailed investigations of the growftlsiicon whiskers via the
disproportionation of Sij Wagner and Ellis found that the Frank screw disfion
mechanism did not apply [210]. This conclusionsarbecause there was no sign of axial
screw dislocations in the silicon whiskers. Addiially, Wagner and Ellis found that
impurities, or catalysts, such as gold, nickel latipum particles, were required for
whisker growth, and that small globules were preaethe tips of the whiskers.

12



From these results, Wagner and Ellis formulateti9é4 the vapor-liquid-solid
(VLS) mechanism of whisker growth [86, 210]. Iet¥LS mechanism, the source
material, supplied in vapor form, is decomposedhensurface of and absorbed into the
catalyst particle. The catalyst particle meltshim liquid state due to a eutectic reaction
with the source material. Source material consrioedissolve into the liquid catalyst
particle until it becomes supersaturated, at whpint a solid particle nucleates on the
surface. Continued growth at the interface betwherdiquid catalyst and solid particle
leads to one-dimensional growth. The VLS mechams®s generally accepted for the
growth of whiskers and later applied to the catadlygrowth of 1D nanostructures of
silicon and other materials, including compound isemductors and oxides.

Despite the general acceptance of the VLS mecharimnirank screw
dislocation mechanism has still found some limagglication. In a 2008 study, PbS 1D
nanostructures were grown with side branches smiralp the main trunk, which had an
axial “screwlike” dislocation, as seen in Figurddl[211]. Also recently, the growth of
chiral single-walled carbon nanotubes (CNTs) hankavisioned as involving a
theoretical axial screw dislocation, which resultperpetual steps along the edge of the
CNT, the number of which depends on the chiral@nag seen in Figure 1.4b [212]. The
authors successfully correlated the growth rath@ihanotubes with the number of steps

on the growth front, as measured by the chiralangl
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non-chiral CNT chiral CNT

Figure 1.4 (a) PbS nanowire with axial screw diatmmn leading to
spiraling branches [211]. Reprinted with permissiom AAAS. (b) The
mechanism for screw dislocation-like atom displaeetieading to
perpetual steps for carbon nanotube synthesis [2R2produced by
permission, ©2009 National Academy of Sciences,Al.S
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1.2.3 Open Questions

Despite three decades of research into the cathtyzavth of 1D whiskers and
nanostructures, much about the synthesis mechasistifi not fully understood,
including the nucleation process, the driving foi@mesupersaturation of the catalyst
particle and the growth rate dependence on diamétewever, the two main open
guestions, which will be addressed in this thesig,as follows. First, what is the state of
the catalyst particle during growth, liquid or si§li Second, what is the diffusion path of
source material to the growth front, bulk diffusibmough the catalyst or surface

diffusion around it?

1.2.3.1 Catalyst Particle State

The early studies of the Au-catalyzed growth oiBiskers reported that the gold
catalyst was liquid during growth, giving rise teetvapor-liquid-solid (VLS) mechanism
[86, 210, 213, 214]. This VLS mechanism was thapliad to the catalyzed growth of
1D nanostructures of many different materials. dosv, as early as 1971, Bootsma and
Gassen raised the possibility that growth couldioéom solid catalyst particles [71].

Not until 2001 was a solid catalyst positively rapd [82], for the growth of Ti-

catalyzed Si nanowires. Growth with a solid caaparticle has become known as the
vapor-solid-solid (VSS) mechanism. Since then,giestion of the state of the catalyst
particles during growth has been under debate, sathe reports that they must be liquid
[193] and other reports that solid catalyst pagchre possible [71, 82, 92, 106, 186, 203,

215], or even required [118].
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1.2.3.2 Diffusion Path

The earliest formulations of the mechanism of gatd growth of 1D structures
stated that bulk diffusion of the source maten#bithe catalyst particles was necessary
to cause eutectic melting and that supersaturafitime catalyst particle then leads to
nucleation of the whisker or 1D nanostructure. B8o@ and Gassen again in 1971 first
raised the possibility of diffusion around the tgdtaparticle surface [71]. Surface
diffusion of the source material was treated matky in 1994 by Wang and Fischmann
[216] and later by Hofman, Cséanyi, Ferrari, Payné Robertson [194]. However, other
studies continue to point to a bulk diffusion padyw}109, 127]. The diffusion path of

the source material to the growth front is stiltartain.
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CHAPTER 2

EXPERIMENTAL METHODS

For this research, samples of nanostructures afuamaterials were grown
using catalyzed techniques and then characterigied X-ray diffraction (XRD), as well
as scanning electron microscopy (SEM) and transomsgectron microscopy (TEM).
The purpose of this chapter is to detail the fuensetup and synthesis parameters used to
grow the nanostructures, and to discuss the cleization techniques used to

investigate the nanostructures.

2.1 Synthesis Techniques
Nanostructures that were to be characterized dtdy the completion of growth
were synthesized in a horizontal tube furnacejssudsed in section 2.1.1 below.
Samples of Au-catalyzed ZnO, Sn-catalyzed ZnO amd#talyzed iron oxide
nanostructures were grown in the horizontal tulbegce. Nanostructures to be
characterizeah-situ, during growth, were synthesized in furnaces attddo an X-ray
diffractometer, as discussed in section 2.1.2 bel&amples of Au-catalyzed Si and self-

catalyzed ZnO nanostructures were grown in theydiffiractometer furnace.

2.1.1 Synthesis in a Horizontal Tube Furnace

2.1.1.1 Tube Furnace Setup

Nanostructure synthesis in a horizontal tube fugretables multiple temperature

zones: a higher temperature zone for the vaparizaf the source material powder, and
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a lower temperature zone for the growth of the samotures. The samples were
synthesized in a Thermolyne 79300 horizontal twlnedce, fit with an alumina tube with
a diameter of 44 mm and a length of 76 cm, as seEigure 2.1. End caps can be
placed on each end of the alumina tube. One gndocethe downstream end of the tube,
has a connection to the vacuum system. The losvnat pressure, generated by an
Edwards vacuum pump, holds the end caps tightlinagéne alumina tube. The other
end cap, on the upstream end of the tube, hasrection to the gas system, to allow the
introduction of various gases during growth.

Each end cap is water-cooled, both to protect theenals in the end cap, as well
as to generate a temperature gradient along tigghlerd the alumina tube. The alumina
tube will have the highest temperature in the aemigh the temperature decreasing as
the distance from the center increases. The teatperprofile within the furnace was
characterized using a thermocouple. The temperatuhe source materials is
controlled by the furnace controller. The tempamabf the substrates is controlled by

controlling the distance of the substrates fromcinater of the furnace.
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Figure 2.1 Horizontal tube furnace setup for nammstires synthesis.
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Generally, the source material to be vaporizeddsqul on an alumina boat in the
center of the alumina tube. The substrates aseg@lan a second alumina boat on the
downstream end of the alumina tube. The substesesoated with a thin metal layer,
usually gold, either by sputtering or by thermahgoration. Upon heating to
temperatures above approximately 300°C, the padyaliine deposit separates into gold
nanoparticles, with diameters around 20 to 30 fime furnace is heated up to the growth
temperature, and the source material begins torizgoAn inert carrier gas is
introduced, and the gas flow carries the vaporsmdce material to the substrates, where

the nanostructures grow.

2.1.1.2 Setup for Pulsed Laser Deposition (PLD)—Assisteown

For the samples of iron oxide nanostructures, Vaation of the source was aided
using laser heating, as described in referencd’Hd.laser used is a Lambda Physik
Compex series excimer 102 laser (20 Hz, 30 kV, ~80R An optical window in the
upstream end cap allows entry of the beam, asiedégure 2.2. Energy is added by the
laser impinging on the source material target, Wiablates the target. The laser spot
size is approximately 1 mm by 5 mm. The substrategplaced directly below and in

front of the target, where the ablated species fall
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Figure 2.2 Schematic of tube furnace setup witarlésr PLD-assisted
growth of FOy nanostructures.

2.1.2 Synthesis in an X-Ray Diffractometer Furnace

Samples to be characteriziedsitu during synthesis were grown in one of two
furnaces, an oven-type furnace or a strip furnattached to an X-ray diffractometer.
This section describes the synthesis setup andneéees. Section 2.2.2.4 below will

describe the experimental setup for XRD data cttiac

2.1.2.1 Oven-Type Furnace

The oven-type furnace, an Anton-Paar HTK1200, @aattached to a Panalytical
X'Pert PRO Multi-Purpose Diffractometer (MPD), &g in Figure 2.3. The sample sits
on an alumina pedestal, loaded from the bottorh@firnace. Kanthal APM (22% Cr,
5.8% Al, bal. Fe) heating elements surround thepéangiving a relatively uniform
temperature profile throughout the furnace. Thredae temperature is measured by a
type S (Pt-10%RhPt) thermocouple embedded in tmiah pedestal. The maximum
temperature of the furnace is around 1000°C. Adhwmi-coated Kapton windows allow
for entry and exit of the X-ray beams. The sanmglight is adjusted by raising or

lowering the entire furnace with a motorized cohtro
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2.1.2.2 Strip Furnace

The strip furnace, an Anton-Paar HTK 2000, can bisattached to the MPD.
The temperature is controlled by resistively heatirstrip. Two of the more common
strip materials are platinum and tungsten. Thetrature is measured by a
thermocouple (type S Pt-10%RhPt for the Pt striBR&W25Re for the W strip)
attached to the bottom side of the heating sffipe sample sits directly on the top of the
strip.  With the platinum strip, the furnace ¢enheated to a maximum temperature of
1450°C in vacuum, air, or other atmospheres. Heweatinum strips cannot generally
be used for silicon-containing samples, as theailireacts with the platinum to form
Pt:Si, which causes the strip to melt at 830°C [2lindsten strips are more resistant to
silicon. In addition, tungsten strips can be heéatehigher temperatures than platinum
strips, up to 2300°C. However, due to the danfexmlation, tungsten strips can only
be used under high vacuum (less thafl tbar) or reducing atmospheres. Kapton
windows allow for entry and exit of the X-ray beanihe sample height is adjusted by

raising or lowering the entire furnace.

2.1.2.3 Comparison Between Oven-Type and Strip Furnaces

The strip furnace can be heated to higher temp@sthan the oven-type furnace.
However, the strip furnace also experiences laeggerature gradients, depending on
the distance of the sample from the strip. Becafiseis, the temperature of the sample
can vary significantly from the displayed temperajulepending on the quality of the
thermal contact between the strip and sample. o/ka-type furnace has a relatively
uniform temperature throughout the furnace chamberddition, the oven-type furnace

can be used with a wider variety of atmospheres tha strip furnace, due to concerns
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about reactions with the strip material. For thesesons, the oven-type furnace was
preferentially employed for this research, with stigp furnace being reserved for higher-

temperature experiments above the range of the-typenfurnace.

2.1.2.4 Temperature Validation

Regardless of the type of furnace used, the satapiperature must be validated
to compensate for variations between the tempasifrthe thermocouple and sample.
Because the variations can depend on the samplmgpand furnace atmosphere, the
temperature must be validated under the same comslias the experiment. There are
two main approaches to temperature validation,gusither the known thermal
expansion or phase transitions of standard magerial

When using a thermal expansion standard, XRD pettare collected at a range
of temperatures on a material, such as MgO gDAland the thermal expansion behavior
determined. Comparison with the known thermal espm of the material allows the
temperature to be validated over a wide range single sample. However, the lattice
parameter must be determined very accurately femtlethod, which was not possible
for our experimental setup due to sample surfagglatement error, as discussed in
section 2.2.2 below.

Therefore, the temperatures of our furnaces wdrdatad using phase transition
standards. In this method, XRD patterns are ciateat a range of temperatures around
a known crystallographic phase transition for tteedard. This method only allows for
validating one temperature per standard, genetaliythe data analysis is simpler than
with thermal expansion standards, since accurttedaarameters are not required, only

verification of the presence or absence of cepagks.
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For validating our furnaces, the phase transittandards used are shown in
Table 2.1 below. Standards were chosen to coeeratiige of operating temperatures of
the furnace. For the oven-type furnace in stilladiatmospheric pressure, the displayed
temperature is fairly consistently 19° lower thaa actual temperature, as seen in Figure
2.4 below. For the oven-type furnace at 1 mbassquree with N flow, the difference
between the actual and displayed temperatured isomstant, but instead decreases with
increasing temperature, crossing into negativeesht high temperatures, as see in
Figure 2.5 below. In this work, all temperatureB e reported in actual values.

Table 2.1 Phase transition standard materials fasgdmperature
validation of X-ray furnace.

Standard Phase Transition Transition Temp.

KNO3 (ortho.) (trig.) 129°C
KCIO4 ortho. cub. 300°C
Zn melting 420°C
KoSOy ortho. hex. 583°C
KoCrOy ortho. hex. 665°C
BaCQ ortho. trig. 810°C
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Figure 2.4 Temperature validation curve of the HTZG0 oven-type

furnace in still air. The blue diamonds indicdte actual temperature of
the furnace on the left axis. The red squaresatdithe difference
between the actual and displayed temperatureseongtht axis. The
black dashed line indicates where the actual asplaled temperatures
are equal.
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2.1.2.5 Atmosphere Control

Both furnaces may be connected to a vacuum systamsjsting of a Leybold
Trivac B rotary vane vacuum pump, and a Leyboldoduac turbomolecular pump. The
minimum attainable pressure is around IXifbar. Inlets into both furnaces allow the
flow various gases. For inert atmospheres, eititevgen, helium or argon gases are
flowed. For reducing atmospheres, a mixture ounehith 3.85% hydrogen is flowed.
As this is below the lower flammability limit of dyogen (4%, Airgas material safety
data sheet (MSDS) #001026), no extraordinary safetgautions are needed. For the
growth of silicon nanostructures, a mixture of oggen with 1% silane (Sihiis flowed.
Again, this is below the lower explosive limit dfesme (1.4%, Airgas MSDS #001073);

consequently no extraordinary safety precautioasiaeded.
2.1.3 Nanostructure Synthesis Parameters

2.1.3.1 Gold-Catalyzed Zinc Oxide Nanostructures

The Au-catalyzed ZnO nanostructures were growheirizontal tube furnace.
The source material was ZnO powder. The ZnO wagdhiin equal amounts by weight,
with graphite, in order to aid the vaporizatiortloé ZnO. The substrate;plane
sapphire, was coated with first AIN, thernyABaysN. The thicknesses of the two coating
layers were around 500 and 200 nm, respectivehe AIN and AbsGay 5N layers help
to bridge the lattice mismatch between ¢thdanes of the AlO; substrate and the ZnO
nanorods. For the catalyst, gold was plasma geditiento the substrates to a thickness
of seven to eight nm.

Prior to growth, the tube furnace was vacuumedpgeasure around 0.02 mbar

with a vacuum pump. During growth, argon was idtrced as an inert carrier gas. The
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argon flow was supplemented with 2% oxygen, fastaltflow rate of 50 standard cubic
centimeters per minute (sccm) at a growth pressu8® mbar. The source materials
were heated to 950°C at a rate of 50° per mintite substrates were in a temperature
region around 850°C. The furnace was held at testyre for 30 minutes, and then

cooled under argon flow.

2.1.3.2 Tin-Catalyzed Zinc Oxide Nanostructures

For the growth of Sn-catalyzed ZnO nanostructuaedightly different procedure
was necessary. Tin readily oxidizes to form tioxdile, which would be detrimental to
its function as a catalyst. Therefore, when a&atalyst was desired, Sp@nd graphite
were mixed with the ZnO source material powde#]3n a molar ratio of 2:1:1
(ZnO:SnQ:C). When heated, the graphite reduces the,Sm@etallic tin, and the vapor
species, including both source and catalyst, amgedato the substrate. Some formation
of tin nanoparticles and growth of nanostructurey wccur in the gas flow during transit
to the substrate.

Prior to growth, the tube furnace was vacuumedéssures around 0.4mbar with
a vacuum pump. During growth, argon was flowedulgh the furnace as an inert carrier
gas at a flow rate of 20 sccm with a growth pressifi200 mbar. The mixed source and
catalyst materials were heated to 1150°C at aofa20°/min. The nanostructures were
collected on substrates of polycrystalline corundtaOs) or c-plane single crystals of
Al,0O3; or ZnO. The substrates were placed in a temperatgion around 350 to 400°C
and around 550 to 600°C. The furnace was helenapérature for five to sixty minutes,

and then cooled under Ar flow.
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2.1.3.3 Gold-Catalyzed Iron Oxide Nanostructures

For the growth of Au-catalyzed iron oxide nanostuues, a laser was used to aid
the vaporization of the source material, as dissidigs more detail in section 2.1.1.2
above. The source material was magnetite@fegowder, which was pressed into a
solid rod, with a diameter of 9.5 mm, to serve #arget for the laser. The substrates,
generally polycrystalline or single-crystal.8k (a- or c-plane oriented), were coated
with two nanometers of gold.

Prior to growth, the tube furnace was vacuumed#ssures around 0.02 mbar
with a vacuum pump. During growth, argon was fldwlerough the furnace as an inert
carrier gas, at a flow rate of 50 sccm with a gloptessure of around 10 mbar. The
source material rod was heated to around 800 t&®@0a rate of 20°/min. The
substrates were placed immediately in front ofsikerce material rod. The furnace was
held at temperature for 60 minutes, while the tawgges ablated by the laser, and then

cooled under vacuum.

2.1.3.4 Gold-Catalyzed Silicon Nanostructures

Since the Au-catalyzed Si nanostructures were giiovtine HTK1200 oven-type
X-ray furnace, a somewhat different procedure v&esiu In this case, the source, rather
than being a vaporized powder, was silane {5gds. The substrates, generally oxidized
Si (100) single-crystal substrates, were sputtenéd Au to thicknesses around 5 to 10
nm.

Prior to growth, the X-ray furnace was vacuumegrssures around 1 to
10 x 10 mbar with the vacuum and turbo-molecular pumpise @hamber was then

purged with N for several hours to further reduce the oxygetigdgressure. The
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furnace was heated up to the growth temperaturesrgly 685°C, at 25°/min, and then
held for around one hour. After the high tempe®atwld, silane was introduced into the
furnace, increasing the flow rate until the presseiached the desired growth pressure,
generally 3 mbar. The silane was flowed for theirgel growth time, generally 30
minutes to one hour, after which the furnace wasezbunder high vacuum (around3.0

mbar).

2.2 Characterization Techniques
The samples were characterized using primarilyteaanicroscopy, including
both SEM and TEM, and X-ray diffraction. XRD datare collected botn-situ, i.e.

during growth, and after growth.

2.2.1 Electron Microscopy

Nanostructure morphologies were initially charaztat using two SEMs, a LEO
1530 and a LEO 1550. Both SEMs have thermallysgssifield emission guns, and
imaging was conducted with the accelerating vokkaggnerally being 10 kV. By using a
lower accelerating voltage, the samples did natireccoating with carbon or gold to
prevent excessive charging from the electron beaem for samples on insulating
substrates. Both SEMs are equipped with annutlaria detectors for improved
resolution (1 nm at 20 kV), and Oxford InstrumelN€A Dry Cool energy dispersive X-
ray spectroscopy (EDS) systems with Si(Li) detector chemical analysis.

Nanostructures were further characterized usirggtdifferent TEMs. The first is
a JEOL 100CX Il TEM, with a tungsten filament. Batas collected at an accelerating
voltage of 100 kV. Electron diffraction patternsne collected with this TEM using

camera lengths of 55 and 83 cm. The JEOL 100CPEM has a maximum
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magnification of 320kX. The second is a Hitachi-BF00 TEM, with a field emission
gun. Data were collected at an accelerating velt#d00 kV. This TEM is equipped
with a ThermoScientific NORAN System Six EDS systeith a Si drift detector for
chemical analysis. The Hitachi HF-2000 TEM hasaximum magnification of 1500kX.
High-resolution TEM (HRTEM) data were collectedadEOL4000EX TEM at an
accelerating voltage of 400 kV. This TEM has a mmasm resolution of 0.18 nm.
Nanostructures to be analyzed were deposited goecdfEM grids with either
holey-or solid-carbon films. The grids were loadgdightly touching or brushing the
surface of the substrate. If this could not resufiufficient transfer of nanostructures to

the grid, the substrate was scrapped with a rdadelio loosen the nanostructures first.

2.2.2 X-Ray Diffraction

X-ray diffraction was the primary tool used for cheterization of the crystal
structure of the nanostructures. Techniques usgdde phase identification, lattice
parameter determination, crystallite size and nsicean determination, texture analysis

and rocking curve analysis.

2.2.2.1 Phase ldentification and Lattice Parameter Detesition

In phase identification, the most basic of XRD gsas, observed angles of the
diffraction peaks are linked to the expected distarbetween adjacent parallel lattice

planes in a database of known crystal structuresitin Bragg's law, as below.
/[ =2d,, sim (1.1)

is the X-ray wavelengtltyy is the lattice plane spacing, ang is the angle between

the diffracting planes and the X-ray beams. Frbendbserved diffraction angles, the
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correspondingl-spacings may be calculated and compared to thosedatabases of
known materials. This technique may also be ugseddnitor phase transitions as they
occur when using am-situ XRD setup, as in section 2.1.2 above. For exanmpédting
can be clearly observed, as the diffraction peaappear along with the long-range
order.

X-ray diffraction may also be used to determinel#tegce parameter of a material
with a high degree of accuracy and precision, erotfder of 0.001 to 0.0001 A. When
measuring the lattice parameter, there are fiversaurces of possible error in the peak
positions, which must be controlled, namely sanspiéace displacement, axial
divergence, 2-zero, flat specimen and transparency errors [53&mple surface
displacement error can occur when the sample sui$agot at the correct height, which
is at the diffractometer axis and tangent to tleei$ing circle. This error was eliminated
by the use of parallel beam geometry. When thenmieg X-rays are parallel in the
radial direction, errors in the sample height doal@ange the peak position, only the
intensity. Another source of error is low anglapasymmetry, which occurs when the
X-rays diverge in the axial direction. The asymmaeat shape of the peak can obscure
the correct peak position. This error was redumnedsing Soller slits to reduce the axial
divergence. A 2-zero error occurs when the angles of the diffnatter arms are
incorrectly set, leading to a uniform position eragross the entire Zange. This error
was ameliorated by aligning the direct beam to OB&fore XRD data collection. As a
final check on all possible sources of error, taaks from the substrate were used as an

internal standard to correct the peak positionhefsample.
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When dealing with thin depositions on single criystdostrates, as in the present
work, the X-ray diffraction signal from the subsé&r@an easily overshadow the XRD
signal from the nanostructures. Two variationthefstandard/2 scan can ameliorate
this problem. The first variation is an offsetiscaln an offset scan, the sample is tilted
in by a few degrees from the standard symmetricipositThe substrate peaks, being
from a single crystal, will be narrower than thek®from the nanostructures. By tilting
the sample, the offset scan can mostly miss thstsaib peaks, while still hitting the
sides of the peaks from the nanostructure. Thergkecariation is a grazing incidence
X-ray diffraction (GIXRD) scan. In a GIXRD scahgtangle between the incident beam
and the sample,, is held fixed at a low value, typically 1-2°, Wwhihe detector is
scanned through 2as in a standard2 scan [7]. Because of the low incidence angle,
the X-ray beam footprint will spread out over gglararea, and at the same time, the
beam will penetrate less deeply into the samptethik way, the signal from the surface
is increased relative to the signal from the sabsir One side effect of the GIXRD beam
geometry is that the scan will take a curved platbugh reciprocal space, missing most,
if not all, peaks from single crystal substrated highly crystallographically aligned

phases, while crossing the diffraction rings frandomly oriented phases.

2.2.2.2 Crystallite Size and Microstrain Determination

In addition to phase and lattice parameter infoiomagained from the position of
the diffraction peaks, information about the crilggasize and microstrain can be gained
from the width of the diffraction peaks. The calbte size, as determined by XRD,
corresponds to the average size of coherentlyadtifig domains, i.e. single crystal

regions uninterrupted by grain boundaries, freéases, or other symmetry breaking
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elements. The crystallite size may be smaller tharparticle size determined by
electron microscopy. However, for nanoparticless reasonable to assume that each
nanoparticle is a single crystallite.

Diffraction peaks broaden with decreasing crystaBize due to an interference
effect. When X-rays impinge on a crystal at anl@sgightly off the Bragg condition, the
intensity scattered from the first plane is candddg the intensity scattered from another
plane some distance further down into the crydtidwever, if the crystallite size is less
than the distance of the canceling plane, the odigg X-rays will not be completely
cancelled, and therefore, the diffraction peak titdaden [6].

Microstrain refers to inhomogeneous variationshim lattice spacings. For
example, around an edge dislocation, some arebhbavi the atoms packed more
tightly, leading to smaller lattice spacings, wtolher areas will have the atoms spread
further out, leading to larger lattice spacingsisivariation in lattice spacing leads to a
continuous variation in peak position. When digted X-rays from the entire crystal are

summed, the diffraction peak will be broadened [6].

2.2.2.2.1 Scherrer Method

The simplest treatment of line broadening is theeBer method. This approach
ignores the contribution from microstrain, and asesi that all line broadening is due to
the crystallite size. First, the instrumental loleaing is determined by collecting a
diffraction pattern on a broadening standard, gahekaBs (National Institute of
Standards and Technology (NIST) standard refereraterial (SRM) 660a). The line

broadening is quantified by measuring the full widf the peak at half of the maximum
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height (the full-width at half-max or FWHM). Thestrumental broadening is then

subtracted from the experimentally observed pealthsiusing the following equation,

B, "=B_"-B. 0.1)

sample obs inst

whereBsamplels the broadening due to the sampigy is the experimentally
observed peak widtfBi.s is the instrumental broadening, amts an exponent that
depends on the peak shape. For pure Lorentzemkabwn as Cauchy, peakss
equal to 1, while for pure Gaussian peakss, equal to 2 [6]. Real peaks are neither pure
Gaussian nor pure Lorentzian, but may be considesedcombination of the two. For
this research, a value of 1.3 was usedfor

Once the broadening due to the sample has beemulatel, the crystallite size
can be calculated according to an equation devdlbgd®aul Scherrer in 1918 [8], as

below.

t= K/ (0.2)

BsampIeCOSq

In this equationt is the crystallite siz&K is a shape factor,is the X-ray
wavelengthB is the peak broadening ands the Bragg angle. The shape fackar,
depends on the shape of the crystallite, and isaifp around 0.9 to 1 [6]. A value of
0.9 was used for this research. For typical latsipacings, this technique is only feasible
for crystallite sizes less than approximately 169 targer crystallites result in
broadening insufficient to be measured. Indead,réstriction is true for all

measurements of crystallite size by XRD.
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2.2.2.2.2 Williamson-Hall Method

The Williamson-Hall method of line profile analysiludes the two separate
effects of size and microstrain peak broadeninige Broadening due to both effects is
summed as in the equations below. The size braaglésrm is the same as the Scherrer
equation above. The microstrain broadening teranfisiction of the tangent of which

can be separated into a sine and cosine, as follows

Bsample: Bsize+ B strain
Bsample:K—/ - 2etang
tcosg
B = K/ 2simg (0.3)
sample tCOSC] C0$7

S

K/ :
BiampeCOSG = . 2e sing

In these equations,is the microstrain, and the other terms are asel@ffor
equation (0.2) above. Because the crystallitelsi@adening is inversely proportional to
the cosine of , and the microstrain broadening is inversely propnal to the tangent of

, the size and strain contributions to the peakdening can be separated by plotting
Becos versus sin. As can be seen from equation (0.3) above, thiesplould be linear,
with they-intercept determined by the crystallite size drelslope determined by the
microstrain [6]. It is important to have enouglakgto allow a good linear fit.

The Williamson-Hall method generally assumes atragic crystallite shape and
microstrain. However, this method may be extertdeghisotropic materials by
constructing separate Williamson-Hall plots forleéamily of lattice planes [9]. For

example, by plotting the peak widths for the {11{322} and {333} peaks only, the
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crystallite size and microstrain perpendiculartose planes may be determined. Again,

this requires sufficient peaks in each family towala good linear fit.

2.2.2.2.3 Warren-Averbach Method

Both the Scherrer equation and the Williamson-iHethod assume an empirical
peak shape function, generally Gaussian, Lorentmiaaome combination of the two.
This assumption may be avoided by using Fouridrrtegies, as in the Warren-Averbach
method of line profile analysis [10]. Diffractigreak profiles are a convolution of
contributions from the instrumental, size and sttaioadening. The difficulty of
working with convolutions generally requires thgegximation of the peak shape using
an empirical function. By working in Fourier spabewever, the convolutions are
transformed into simple multiplication, and so nels approximations are required.
Additionally, the Warren-Averbach method can yibtith an area- and volume-weighted
average crystallite size, allowing the crystal$itee distribution to be determined,

assuming a log-normal form [11].

2.2.2.3 Rocking Curves and Orientation Analysis

Rocking curves and texture analysis are both us@u/estigate the alignment of
crystal structures. In the XRD methods descrilmeskictions 2.2.2.1 and 2.2.2.2 above,
data is collected while scanning through reciprepalce, which is represented, through
Bragg’s law, by the diffraction angles. Howeverthe rocking curve and texture
methods, the position in reciprocal space is heletf and data is collected while
scanning through real space.

Rocking curves are commonly used to investigatertbgaicity of epitaxially-

grown thin films. To collect the data, the X-rayusce and detector are held fixed at a
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given diffraction angle corresponding to a peakrfithhe phase of interest. Then, the
intensity is recorded as the sample is tilted ooked (hence the name), through a few
degrees (where is the angle between the incident beam and thelsasurface). The
width of the resultant peak is a measure of theekegf misalignment. For a perfect
single crystal, the peak will be no wider thanDerwin width convoluted with the
inherent instrumental breadth. For a randomlynieié sample, the intensity will not
change as the sample is rocked. For this reseacking curves were used to probe the
degree of misalignment for vertically-aligned nanestures.

Texture analysis is commonly used to probe chaimgei/stal alignment due to
the mechanical deformation of metals. This analgsitermines the location of poles (i.e.
normals) to a specified set of lattice planes weaipect to the sample orientation.
Similar to rocking curves, the X-ray source ancedtdr are held fixed at a given
diffraction angle corresponding to the lattice @awf interest. Then, the intensity is
recorded as the sample is rotated in plapeud tilted along an axis co-planar with the
incident and diffracted X-ray beamg)( The sample is generally rotated ia full 360°,
and tilted iny close to 90°, in order to sample a hemispher@ssiple sample
orientations.

The recorded intensity is plotted in a stereograpidjection, called a pole
figure. Peaks in the pole figure indicate crystsl oriented with the poles of the
specified planes in the direction given by thetiota(f ) and tilt /) angles. Intensity
values in a pole figure are shown in “times randamits, where the observed intensity is

normalized by the expected intensity if there wevgreferred orientation.
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Multiple pole figures collected on a sample frorffatent reflections of the same
phase can be combined to calculate an orientatgintaition function (ODF), which
shows the full crystal orientation of the phasedDFRS combine the information in several
pole figures to represent the directions of thel](ibles of a particular phase in the
sample with respect to the sample geometry. Tieetilbns are represented using three
Euler anglesf(;, andf, in the Bunge notation), as seen in Figure 2.6e dinglef ;
corresponds to a rotation about the normal to énepde surface. The angle
corresponds to a tilt of the [001] pole away frdra sample normal. The andle
corresponds to a rotation about the tilted [001¢ pdBy examining the distribution of
intensity in three-dimensionél- -f, space, the distribution of crystal orientations ca
be determined. Once the ODF is determined, iny@sgefigures can be calculated,

which show the distribution of a certain samplediion in crystal space.
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@ [001]

Figure 2.6 The three Euler angles in Bunge notdfign , andf ) for
relating crystal axes (in red) and sample axebl(ia), where ND is the
sample normal direction. After Cullity and Sto&}.[

2.2.2.4 Diffractometers Setups

XRD data for this research were collected on thliferent X-ray
diffractometers. All three instruments were ruthaa Cu X-ray source and a tube power

of 45 kV and 40 mA.

2.2.2.4.1 For Phase Identification
General /2 scans for phase identification were collected &aaalytical X'Pert
PRO Alpha-1 Diffractometer ¢1), which is a vertical-2 diffractometer with

parafocusing optics. On the incident side, a Jes@m monochromator removes;land
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K wavelengths in order to provide only Cu i = 1.540562 A) radiation. A beam
mask (5 to 20 mm) and fixed divergence slit (1/821°) define the beam, and an anti-
scatter slit (twice the size of the divergence sétluces stray X-rays. On the receiving
side, an anti-scatter slit (generally 5 mm widej arbeam tube block stray X-rays from
entering the detector. The detector is a solitkdiaear position-sensitive detector
(PSD), which allows a scan to be collected in atfoa of the time required with a

traditional point detector.

2.2.2.4.2 For Size/Strain, Lattice Parameter and Rocking @srv

For crystallite size and microstrain determinatiattice parameter measurement
and rocking curves, data were collected with parékam optics on a Panalytical X’'Pert
PRO Materials Research Diffractometer (MRD), whih horizontal -2
diffractometer. On the incident side, a Gobel orifequatorial divergence <0.05°)
parallelizes the beam in the radial direction (véhin the plane of the diffractometer
circle). The beam cross-section given by the mis@ line, the width of which is
determined by a divergence slit, and the length byask, both of which are placed in
front of the mirror.

On the receiving side, a 0.09° parallel plate owlior further conditions the beam
in the radial direction before it enters a proporél point detector. Incident and
receiving Soller slits (0.04 rad) condition the tmeia the axial direction. When using
parallel beam geometry, variations in the sampightelo not shift the peak (i.e. sample
surface displacement error is eliminated). Thiseseficial, particularly for lattice
parameter determination, which relies on accuraety precisely determining the peak

positions. When collecting data from iron-contagmsamples, a graphite flat crystal
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monochromator was added directly in front of theed®r. Fe fluoresces under Cu
radiation, which can lead to very high backgrouadrts, unless the resulting radiation is

blocked by a diffracted beam monochromator.

2.2.2.4.3 For Texture Analysis

Texture data were also collected on the MRD wittalba beam optics. This
diffractometer is fit with an Eulerian cradle, whiallows the sample to be moved with
six degrees of freedom: three translations (x,dy grand three rotations (f andy), as
seen in Figure 2.7. For texture analysis, thellghtzeam is generated using a
polycapillary lens (divergence around 0.3°), witNidilter to reduce K radiation. The
benefit of a polycapillary lens is that it giveseguiaxial beam cross-section, the width
and height of which are determined by crossed &atples slits. The size of the beam is
chosen according to the sample size. With an g@lieross-section, the beam footprint
will not change as a sample is rotated throyghs it is in texture analysis. On the
receiving side, a 0.09° parallel plate collimatonditions the beam and blocks stray
radiation from entering the proportional point d¢te. Again, a diffracted beam

monochromator was added for scans of iron-contgisamples.
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Figure 2.7 MRD setup for high-resolution XRD wittadle
translationsX, y, and z) and rotations (f andy ) indicated.

2.2.2.4.4 For In-Situ Analysis

In-situ and high temperature analyses were conductedm@amalytical X'Pert
PRO Multi-Purpose Diffractometer (MPD), which isertical - diffractometer, fit with
the Anton-Paar HTK 1200 or HTK 2000 furnaces, aswussed in section 2.1.2 above.
Diffraction data were collected on the MPD, witimadified parallel beam geometry.
On the incident side, a Gobel mirror parallelizes heam in the radial direction (i.e.
within the plane of the diffractometer circle), \eha mask and divergence slit define the
beam size. On the receiving side, an anti-scsalitgigenerally 5 mm wide) and a beam
tube block stray X-rays from entering the lineasifion-sensitive detector. The
combination of a parallel beam with the positionstve detector allows for maximum

intensity with minimum scan times. However, thisnbination also removes the
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insensitivity to sample height generally found wikrallel beam geometry. Therefore,
lattice parameter determination will be subjectample surface displacement error,
particularly since the sample height can changandw batch due to thermal expansion

of the furnace.

2.2.2.4.5 Data Analysis

XRD data were analyzed using several computer progr Jade (Materials Data,
Incorporated) was used for phase identificatiomeBer size and Williamson-Hall
analyses, peak fitting for lattice parameter deteation, and Pawley (whole pattern)
fitting, as well as plotting three-dimensional scaerlays. Pawley whole pattern fitting
simultaneously fits the peaks from all phases pitese order to determine the lattice
parameters and phase fractions of each phaséfeisdrom Rietveld refinement in that
the integrated intensities are refined, and crystalkcture data for each phase is not
required, though cell parameters can be refinexhaRtical High Score was used for
phase identification. Panalytical Texture was usegbole figure plotting and ODF
calculation. Panalytical Line Profile Analysis (A)Pwas used for Warren-Averbach

analysis.
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CHAPTER 3

METAL OXIDE NANOSTRUCTURES

3.1 Introduction

This investigation into the catalyzed growth of a@nostructures began with
metal oxide nanostructures. Many examples of noediale nanowires, nanobelts and
other 1D nanostructures can be found in the libeeat Nanostructures have been grown
from 2+ cations (including ZnO [1-26], CdO [27-28)d MgO [30-38]), 3+ cations
(including InO3 [39-41], BpO3 [42] and GaOs [39, 43-46]) and 4+ cations (Sa{39,
47-50] and SiQ[51]), as well as mixed valency cations,(B¢[52]).

These metal oxide 1D nanostructures have demoadtpabmise for applications
in a variety of areas [53]. For example, Sm@nowires and nanobelts have been shown
to be effective pH [54], gas [55, 56] and humidiy] sensors. Iron oxide nanowires
may be used for medical diagnosis and treatmerjt [B8)O nanorods have been used as
pinning agents to improve the properties of supaaators [59, 60]. ZnO 1D
nanostructures have been the most extensivelyestudiall metal oxide nanostructures.
The piezoelectric property of ZnO lends itselfriteresting applications, such as
nanogenerators [61-66] and force sensors [67 v@8le the semiconducting property of
ZnO allows its use in areas such as dye-sensisiakd cells [69, 70], ultraviolet (UV)
detectors [71-73], nanolasers [74, 75] and lighittamy diodes (LEDs) [76-78].

This research on metal oxide nanostructures focaseslu-catalyzed ZnO
nanorods. The synthesis and morphology of the noasowill be presented, along with

XRD investigations into the crystallographic orignns of the phases present and a

65



lattice parameter analysis of the gold catalystiglas. In addition to the Au-catalyzed
ZnO nanorods, investigations of Sn-catalyzed Znfeauctures and Au-catalyzed
FeOy nanostructures are presented. For the Sn-catb&iz@® nanostructures, the
synthesis and morphology of the nanostructuresheilbresented, along with XRD
investigations into the crystallite size, microstrand lattice parameter of the tin catalyst
particles. For the Au-catalyzed,f&® nanostructures, the synthesis and morphology of
the nanostructures will be presented, along wittbXRvestigations into the
crystallographic orientations of the phases preaedtinto the crystallite size,
microstrain and lattice parameter of the gold gatgparticles. The implications of the
findings for each type of nanostructure grown talgathe growth model of the catalyzed

growth of nanostructures will also be discussed.

3.2 Au-Catalyzed Zinc Oxide Nanostructures

3.2.1 Synthesis and Morphology

The Au-catalyzed ZnO nanostructures were growhenhiorizontal tube furnace.
The source material was ZnO powder mixed with gtaphlhe substrate-plane
sapphire, was coated with first AIN, theryABaysN to bridge the lattice mismatch
between the-planes of the AlD; substrate and the ZnO nanorods. For the catagigkt,
was sputtered onto the substrates. During grofutifipw supplemented with 2%
oxygen was introduced into the tube furnace. Thece materials were heated to 950°C,
and the substrates to around 850°C. The furnaséheld at temperature for 30 minutes,
and then cooled under Ar flow. (For synthesis ithketaee section 2.1.3.1.)

The samples were imaged with scanning electronaseapy as shown in Figure

3.1. The nanorods are straight, with a columnapsh The average length is 284+72
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nm, and the cross section is circular, with an agerdiameter of 3511 nm, as
determined from SEM images. The catalyst diametershe same as those of the
nanowires, with an average diameter of 33+12 nimerd is a somewhat large variation
in the size of the nanostructures, as evidencdtdgtandard deviation values above.

The nanorods are aligned vertically.

ay’ ﬂ

Figure 3.1 SEM image of aligned Au-catalyzed Zn@arads.

3.2.2 Crystallographic Orientation Analysis

3.2.2.1 /2 XRD Patterns

The vertical alignment of the ZnO nanorods suggsisthere may be an
epitaxial crystallographic orientation alignmentween the nanorods and substrate. This

is substantiated by the initial2 XRD scan. Diffracted X-rays always make an angle
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with the diffraction planes equal to that betwesa incident beam and diffracted planes.
For a standard/2 scan, all diffraction will occur from crystallograic planes parallel to
the sample surface. Therefore, i@ diffraction patterns from a sample of vertically
aligned nanostructures, the presence or absertiffrattion peaks can give information
about the crystallographic orientation of each phas well as the growth direction of the
nanostructures.

A /2 X-ray diffraction pattern from the sample of vedliy-aligned, Au-
catalyzed ZnO nanorods is shown in Figure 3.2.s §han was collected with a 1 offset
in the value of (angle between the incident beam and the samfigcel in order to
minimize the signal from the AD; substrate. Only the following peaks are observed:
Au {111} and {222}, ZnO {0002} and {0004}, Ad sGa sN {0002} and {0004}, and AIN
{0002} and {0004}. In XRD patterns with no offset, the AlO; {000 } peaks are also

visible. These results indicate that the followfaqilies of planes from each phase are

parallel to the sample surface: @k {000 }, AIN {000 }, Al ¢sGa&sN {000 }, ZnO

{000 } and Au {hhh}. In addition, these results, combined with thxserved vertical

alignment of the nanorods, show the nanorod gralivéttion to be [0001],
perpendicular to the basal plane of the hexagaméakell. No evidence was found in the
XRD scans for the presence of Au-Zn intermetallassyeported in [79], or any other

phases besides those reported above.
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Figure 3.2 Offset/2 XRD scan of vertically-aligned Au-catalyzed
ZnO nanorods grown on anAGaysN / AIN / Al,O3 (c-plane) substrate.

3.2.2.2 Rocking Curves

In order to further investigate the crystallograpalignment and to determine the
degree of misalignment, rocking curves were cadléain each phase, as seen in Figure
3.3. The scans are plotted in terms of (the difference betweenand ), and the
intensities are normalized, in order to aid congmars between the different phases. The
FWHMSs of the rocking curve peaks are presentecdhinld 3.1. Since the XD; phase is
a single crystal, the width of its rocking curveafges indicative of the inherent
instrumental broadening only. Generally, each essiwe layer has a higher degree of

misalignment, indicated by wider rocking curve peakThe exception is the fddGay sN
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and AIN layers, which have very similar peak widtivgh the AIN being slightly wider.)
The misalignment of each layer builds on that eflhyer beneath it. However, all of the
rocking curve peak widths are low, below 2 . Téisall degree of misalignment

indicates that the nanostructures grow epitaxeag very well aligned.
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Figure 3.3 Rocking curves collected from verticalligned Au-
catalyzed ZnO nanorods grown on ag #a sN / AIN / Al,O;3 (c-plane)
substrate. The inset shows a schematic of a ndrmoréhe substrate.

Table 3.1 FWHMSs of rocking curve peaks of each pHesm sample
of vertically-aligned, Au-catalyzed ZnO nanorods.

Phase Peak FWHM
Au (111) 1.788° £ 0.0387
Zn0O (0002) 0.940° + 0.0521
AlpsGasN (0002) 0.461° £ 0.0221
AIN (0002) 0.540° + 0.0241
Al,03 (0006) 0.026° + 0.001
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3.2.2.3 Texture Data Collection

For a more detailed and in-depth crystallographientation analysis, texture
data were collected on the sample of verticallgradid, Au-catalyzed ZnO nanorods. As
discussed in section 2.2.2.3 above, texture datalliscted by fixing the tube and
detector to a particular diffraction angle and reang the intensity as the sample is
rotated through 360 and tilted through 85-90 . For the sample of vertically-aligned,

Au-catalyzed ZnO nanorods, texture data were delteon the following reflections:

{111}, {200}, {220} and {311} for the Au catalyst grticles; {100}, {10 2}, {10 3} and
{11 0} for the ZnO nanorods; {10}, {10 2} and {10 3} for the AlpsGa& sN layer; and

{10 0}, (0002), {10 1} and {10 2} for the AIN layer. The step sizes of the scamse 5

in andin , with a count time of 8 s.
For sample alignment, the A); single crystal substrate was used. Scans of
and around the {0006} peak ensured that the samplem@ted flat. Scans afand

y around the same peak centered the sample aroentdly beam. Finally, an
abbreviated pole figure from the&); {02 4} reflection was collected before each run

in order to align the sample rotation, (The 2 zero point and sample heightwere
aligned using the standard direct-beam approdebr)data analysis, the texture data
were plotted in pole figures, with a Wulff net gridll the pole figures are in Appendix

APPENDIX A for reference.

3.2.2.4 Orientation Distribution Function Calculation anddrilts

For each phase, the texture data from all the faplees for that phase were used

to calculate an orientation distribution functi@d¥F). ODFs show the locations of the
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[001] poles in terms of three Euler angleg, and ; in the Bunge notation, whereg
corresponds to a rotation about the normal to éinepde surface, corresponds to a tilt
of the [001] pole away from the sample normal, apdorresponds to a rotation about
the tilted [001] pole, as shown in Figure 2.6. fos analysis, the following settings
were used: Because there are many phases irath@es overlap between peaks of
different phases is a significant problem, paraciyl for the single-crystal substrate. The
substrate peaks are so intense that even theftaifspm the peak center, have sufficient
intensity to leave strong overlapped peaks in thle fpgures of other phases. This
problem was mitigated by choosing for the ODF daliton pole figures with minimum
overlap with substrate peaks. However, overlap sitbstrate peaks could not be
completely avoided, leading to increased noiséénQDFs. The ODFs were normalized,
and a calculated defocusing correction applied.

The ODF for the AIN phase, shown in Figure 3.4, sasulated from the
{10 0}, (0002), {10 1} and {10 2} pole figures. Multiple slices at constantare shown
through the three-dimensional- - , space. Only the =0°and = 5° planes have
significant intensity, indicating that the {0001pies are tilted no more than 5° from the
sample normal. Therefore, the AIN is {0001} oriedti.e. with the {0001} plane
parallel to the sample surface, as expected. ptead of intensity into the = 5° plane
could indicate a small degree of misalignment.

The ODF for the AJsGa sN phase, shown in Figure 3.5, was calculated frioen t
{10 0}, {10 2} and {10 3} pole figures. Again, only the = 0° and = 5° planes have

significant intensity, indicating that the {0001ples are parallel to the sample normal.

Therefore, the AlGaN is (0001) oriented, as expkcte
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The ODF for the ZnO phase, shown in Figure 3.6, egsulated from the
{10 0}, {10 2}, {10 3} and {11 0} pole figures. Similarly to the above phasedydhe

=0 and = 5°planes have significant intensity, indicatihgt the {0001} poles are
tilted no more than 5° from the sample normal. réfoge, the ZnO is {0001} oriented, as
expected. The overall intensity is lower, as coragdo the AIN and AlsGasN layers,
due to the lower amount of the ZnO nanorods.

The ODF for the gold, shown in Figure 3.7, was ulaled from the {111},

{200}, {220} and {311} pole figures. Only the = 55° plane has significant intensity,
indicating that the {001} poles are tilted 55 fraime sample normal. The calculated
angle between the {001} and {111} planes in cuhigstal structures, like Au, is 54.74 .
Therefore, the Au is {111} oriented, as expectédjain, the intensity is low, comparable
to that for the ZnO phase. The orientation refediops, including parallel planes and

directions, are summarized in Table 3.2.
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Figure 3.4 ODF calculated from four pole figureiexied on the AIN
substrate layer in a sample of Au-catalyzed ZnGrads.
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Table 3.2 Orientation relationships between the 0,
AlosGaysN, AIN and Al203 phases as determined from texaunalysis.

Phase Parallel Plane Parallel Direction

Au {111} (110
ZnO {0001} (1210)
AlosGaysN {0001} (1210)
AIN {0001} (1210)

Al 205 {0001} (1010)

3.2.2.5 Discussion of Crystallographic Orientations

AIN, Al sGa N and ZnO all have the same wurtzite crystal stmgcwith 6-fold
symmetry in the basal plane. 8k is rhombohedral, also with 6-fold symmetry in the
basal plane. Therefore, it is expected that AINGa&N and ZnO will take the sange
plane crystallographic orientation as the@J substrate. Since gold has the face-
centered cubic (FCC) structure, the Au {111} pléwas 3-fold hexagonal-like symmetry,
so a Au hhh} orientation is also predicted. Th& XRD scans confirm these predicted
crystallographic orientations for each phase. Addally, the rocking curves show that
the degree of misalignment is small. The textata énd ODFs give additional
information about the crystallographic orientatiorgluding the parallel directions within
the parallel planes.

An unexpected result from the texture analysis thasliscovery of two
orientations for the Au phase. In the Au ODF (Fe&y8.7), six discrete points of intensity
are observed in the = 55° slice, at , = 45° and ; = 60° - n - 10°, where n is an integer
from 1 to 6. This indicates that the Au catalyattigles have six crystallographic
orientations with in-plane rotations of 60°. Howeguvhe Au {111} plane has only three-

fold symmetry, and therefore one unique crystalipic orientation can only explain
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three of the rotations. The additional three rotes must be due to the existence of a
second unique crystallographic orientation relatethe first by a 60° rotation about the
sample normal. The presence of these two golahi@atiens, both with 3-fold symmetry,
follows from the hexagonal symmetry of the substrat

The hexagonal symmetries of the AIN {0001} ,,AG& sN {0001} and ZnO

{0001} interfaces match the pseudo-hexagonal symnaétthe ALO3; {0001} plane,

with <1010> Azo3 parallel to<1 210> an parallel to<1 210> acan parallel to<1210> ZnO-

These lattice mismatches are generally small, thighALO3/AIN lattice mismatch being
around 15%, and the mismatch of the other intesfdegng around 2%. The pseudo-

hexagonal symmetry of the Au {111} plane also matcthat of the ZnO {0001} plane,

with (12710) zno parallel to{110),,. The lattice mismatch at this interface is 13%ioly

is relatively low.

/Zn0O (0001) Au(111)

<2110>

_ <110> v
<1010> 11>

Figure 3.8 Schematic showing crystallographic dagans of the
ZnO and Au phases in a sample of Au-catalyzed Za@rods.
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3.2.3 Gold Lattice Parameter Analysis

3.2.3.1 Lattice Parameter Determination

The lattice parameter of a material, which can &emhined accurately and
precisely with X-ray diffraction, can give much @idanformation about the state of the
material, such as composition. For this study,nifi@mation available from the gold
lattice parameter was of particular interest. THtgce parameter of the gold in the ZnO
nanorod sample was averaged from fourteen XRD sufaie Au {111} and {222}
peaks, and determined to be 4.073+0.001 A, sligittigller than the bulk value of
4.0786 A (PDF #4-784).

One possible concern is that if there is any gitothg on the substrate that did
not catalyze the growth of nanorods, it could feaing the diffraction signal from the
gold catalyst particles at the tips of the nanoradewever, a few intensity calculations
indicate that this should not be a problem. Frbenibtensity equation [80], the volume
ratio of the ZnO and Au phases can be calculated the integrated intensities, as fitted
with Jade, of the ZnO {00Q and Au {hhh} /2 diffraction peaks, taking into account
the Lorentz-polarization, multiplicity and temperned factors. For this sample, the
volume ratio of ZnO to Au is estimated to be aro@@@ + 40 to 1. From the catalyst
particle and nanorod sizes as determined by SE®I9getion 3.2.1 above), and assuming
that the catalyst particles are hemispherical archanorods are cylindrical in shape, the
expected volume ratio of ZnO to Au if all the gaddocated at the tips of nanowires can
be calculated to be 29 to 1, less than that meddtom the sample. The presence of

additional gold on the substrate surface would oeduce this ratio further. Therefore, it
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is unlikely that any extraneous gold is preserthensample to affect the signal from the

gold catalyst particles on the ZnO nanorods.

3.2.3.2 Contraction Due to Nanoparticle Size

The observed decrease in gold lattice parametegrapared to the reference
value, is expected due to the known lattice cotivamccurring in nanoparticles. Qi and
Wang [81] developed a model to quantify the chandattice parametean, for metal
nanoparticles as a function of the particle diamg and shape (represented by the
shape factor), shear modulus3) and surface energy)( as in the equation below,
whereag is the bulk lattice parameter aaglis the nanoparticle lattice parameter.

a- & _ 1
a, GJa

1+ D x
g

For 33 nm hemispherical gold particles, the chandattice parameter is
0.1433%, leading to an expected lattice paramefet.0731 A, which is consistent with
the experimentally measured gold lattice parantdr073 + 0.001 A. Therefore, no
additional effects on the lattice parameter, faraple a shift due to alloying with zinc,
are needed to explain its value, as will be dised$s more detail in section 3.2.3.4

below.

3.2.3.3 Control Sample

In order to verify that nanopatrticle size contractfully explains the observed
lattice parameter, a control sample was preparddaaalyzed using SEM and XRD,
including grazing incidence (GIXRD) and? scans with an offset to minimize the

signal from the substrate. Five nanometers of gare thermally evaporated onto a
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GaN layer on a-plane oriented, single-crystal £); substrate. After the gold
deposition, the sample was heated at 600°C an®B8@4¢C for 30 and 60 min,
respectively.

Before annealing, a small number of gold nanopdadiwere observed on the
sample surface, and XRD patterns show evidencelg€gystalline Au, though the weak
Au signal prevents detailed analysis. After animgathe sample is densely covered with
Au nanoparticles with an average diameter of 32 firh, as seen in Figure 3.9. An
XRD pattern (with a 2° offset to reduce the AD; substrate signal) indicates that the
gold is primarily {111}-oriented. The gold lattiggarameter was averaged from five
offset and five GIXRD scans, and was determine4l®3 + 0.002 A, which is the same
as that measured from the ZnO nanorod sample. vVEhises that nanoparticle size

contraction fully explains the observed latticegmaeter of the nanorod sample.
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Figure 3.9 SEM image of control sample of gold n@articles on
single-crystal AJO3 substrate.

3.2.3.4 Discussion of Gold Lattice Parameter

The fact that the gold lattice parameters measinoea both the nanorod sample
and the control sample, which was not exposed @, zme equal (4.073 A) establishes
that there is no zinc in the catalyst particleslidSsolutions of solute atoms in a solvent
lattice will have altered lattice parameters, fottbinterstitial and substitutional solid
solutions. When interstitial atoms are alloyea iatcrystal structure, the unit cell, and
therefore lattice parameter, must expand in om@ctommodate the extra atom. When

substitutional atoms are alloyed into a crystaldtire, the difference in radii between
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the solute atom and the solvent atom it replacedesathe atoms around the
substitutional site to become more closely or lbopacked. With a sufficient
concentration of solute atoms, a measurable chianiye average lattice parameter,
either an increase or a decrease depending oelttese atom size, can be observed
[80].

The relationship between the concentration of ttete atom and the lattice
parameter is often quantized using Vegard’s lawst Broposed by Vegard in 1921 [82]
for ionic salt alloys, Vegard’s law states that ldutice parameter of a solid solution will
be linearly proportional to the composition. Sintseoriginal formulation, Vegard’s law
has been applied to many types of solid solutioreduding mixed 111-V semiconductors,
such as AlGaxN [80, 83], and metallic solutions. In the casengtallic solid solutions,
real alloys generally exhibit some deviation frdm tdeal linear behavior predicted by
Vegard's law [80]. However, it remains a usefudltior relating composition to lattice
parameter.

A Vegard’s law relationship for Au-Zn alloys canrm# established directly from
the end members, since gold and zinc have diffemgstal structures (FCC and
hexagonal close packed (HCP), respectively). Hawew Vegard's law plot can be
constructed for the Au-rich region using Au-Zn gdith§onal intermetallics with FCC
superstructures [84], as seen in Figure 3.10. rgldicorrection factor for the
nanoparticle size contraction (according to Qi ¥Wahg [81] as discussed in section
3.2.3.2 above) shifts the line slightly to lowettilze parameters. From this plot, even the

minimum gold lattice parameter (i.e. &ss than the average value) corresponds to a
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maximum Zn content of 1.3at%. Therefore, the Atalgat particles contain little to no

Zn.
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Figure 3.10  Vegard's law plot for Au-rich Au-Zn@jk constructed
from Au-Zn substitutional intermetallics with FCQperstructures [84].

3.2.4 Implications for Growth Models

3.2.4.1 Catalyst State

The finding that the Zn is not diffusing into theld catalyst particles has
significant implications for the proposed growthaeb The standard VLS synthesis
mechanism depends on diffusion of the source nadteto the catalyst particle in order
to cause eutectic melting of the catalyst partidhen synthesis is conducted below the

melting point of the pure material, as is typicAls can be seen from the Au-Zn phase
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diagram [85] seen in Figure 3.11, the Au-Zn intdoacis complex, with many
intermetallic phases In the gold-rich region, éhisrextensive solid solubility of Zn in
FCC gold, up to around 33at% at the Au-rich eutetetmperature of 684°C. At room
temperature, the maximum solid solubility is sailbund 7%. Since the growth
temperature of the Au-catalyzed ZnO nanorods wdlsbeew the melting temperature
of pure gold (850°C as compared to 1063°C), alpwihzZn into the gold catalyst
particles would be necessary for the catalyst gadito be molten. However, the
maximum Zn content (i.e. 3greater than the average value) according to ggakd’s
law relationship above is 1.3at%. According to phase diagram, the melting
temperature of Au with1.3at%Zn is ~1015°C, whickti# much higher than the growth
temperature.
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Figure 3.11  Au-Zn phase diagram, reprinted witmpssion from [85].

86



Another factor to be considered is melting poiriréssion due to nanopatrticle
size. Buffat and Borel first reported in 1976 [86&t the melting temperature of gold
nanoparticles decreases with decreasing partiode a6 seen in Figure 3.12. This effect
has been confirmed in other nanostructures as[@#&#01], and has been modeled [92].
The depression of the melting temperature of nancisires is due to the presence of
broken bonds on the surface, and the high surfaeeltime ratio of nanostructures.
However, this size effect on the melting tempemtsronly significant for nanoparticles
less than approximately 10 nm in diameter, antdasefore insufficient to cause melting
at the synthesis temperature for the Au-catalyzed Aanorods, where the gold
nanoparticles are larger than 30 nm in diametercoAding to the model of Buffat and
Borel, 33 nm gold nanoparticles should melt at 2G3ivell above the ZnO nanorod

synthesis temperature of approximately 850°C.
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Figure 3.12  Melting temperature of gold nanopagBds a function of
diameter. Reprinted with permission from [86], @6%y the American
Physical Society.
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3.2.4.1.1 Verification by In-Situ X-Ray Diffraction

In order to verify the melting point of the goldtalyst particlesin-situ XRD data
were collected at elevated temperatures on theatalyzed ZnO nanorods. Offs€®
scans of the Au {111} reflection were collectedfr®18 to 1018°C, in 100° increments,
seen in Figure 3.13. Scans were not collectedyateanperatures above 1018°C due to
technical limitations of the furnace (HTK-1200 ovigpe). Data were collected with
parafocusing geometry and a position sensitivectiate The radiation was Mo K

( =0.710730 A).
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38300 - 918°C
: 818°C
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O T T T T 518 C

168 17.0 172 174 176 178
20 (deg)

Figure 3.13 In-situ XRD data of Au-catalyzed ZnO nanorods collected
from 518 to 1018°C, showing the Au {111} peak.
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The Au {111} reflection is clearly present in alams, including that at 1018°C,
indicating that the gold nanoparticles did not nogitto 1018°C. These results confirm
the absence of Zn in the gold, as only ~1at% ZheénAu would cause melting at
1018°C, according to the phase diagram as seeaguneF3.11. Since the synthesis
temperature was around 850°C, it is likely thatgblkel catalyst particles remain solid
during synthesis, indicating that growth is by YHeS synthesis mechanism, not the VLS

synthesis mechanism.

3.2.4.2 Diffusion Path

The absence of Zn in the gold catalyst particle aidicates that growth cannot
be proceeding by a supersaturation—nucleation psp@s previously considered. The
likely explanation for the observed results relatethe bonding types of the catalyst
particle and the source. A mass spectroscopy sitithermally evaporated ZnO [93]
has shown that the ZnO dissociates into ionic ggecdiollowing the general chemical
principle of “like dissolves like”, ionic Zii species would be unlikely to dissolve into
and alloy with metallic Au. Therefore, bulk difios through the catalyst particle is not
favorable.

A more likely diffusion path for the Zn to get toet growing nanowire is around
the surface of the gold catalyst particle. Wang Bischman [94] and later Cheyssac et
al. [95] have proposed surface diffusion as a ficant part of the VLS mechanism,
supported by the fact that liquid surface diffusiates are significantly higher than liquid
bulk diffusion rates and the high surface-to-voluaig of nanostructures.

The same holds true for solid surface and bulluditin rates; the surface

diffusion coefficient of solid gold is several ordef magnitude greater than the bulk
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diffusion coefficient [96]. In addition, the gotthnoparticles can have a disordered,
quasi-liquid layer (QLL) on the surface due to aud reconstruction [97, 98]. In other
metals, such layers have been found to have uriydugh self-diffusion coefficients at
temperatures approaching the melting point, sinbdasr even exceeding the bulk liquid
diffusivity [99]. Such quasi-liquid layers will b have a large Langmuir sticking
coefficient, aiding the adsorption of growth spediethe vapor onto the catalyst particle
surface, relative to adsorption on the substrabeciwpromotes the formation of 1D

nanostructures.

3.3 Sn-Catalyzed Zinc Oxide Nanostructures

3.3.1 Synthesis and Morphology

The Sn-catalyzed ZnO nanostructures were growherorizontal tube furnace.
The source material was ZnO powder. Samples wergrgonc-plane sapphire and
plane ZnO substrates. For the catalyst, Sa@ graphite were mixed with the ZnO
source material. When heated, the graphite redheeSnQ to metallic tin, and the
vapor species, including both source and catadystcarried to the substrate. During
growth, the source materials were heated to 1158 the substrates to temperatures
around 350-600°C. (For synthesis details, seéose2tl.3.2 above.)

The samples were imaged with scanning electronaseapy as shown in Figure
3.14. The morphology is similar for both typessabstrates, but several types of
morphology are observed on each sample. A comnwphmology is 1D nanostructures
with widths of 46 + 18 . Previous TEM analysidlnése Sn-catalyzed ZnO

nanostructures has shown them to include nanowuiéis a [0001] growth direction and

nanobelts, with rectangular cross-sections and rovections of [010] and [2 0]
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[23]. The nanostructures are straight with catgbgsticles at the tip. The average
diameter of the catalyst particles is 140 £ 33 nmc¢h greater than the width of the
nanostructures.

Hierarchical structures are often found, with breascgrowing perpendicularly
from a central nanostructure. The nanostructuoesad generally grow aligned, even
though the substrates are single crystalline. hascatalyst is vaporized with the source
material, the nanostructures may begin to grownduvapor transport, before they reach
the substrate, and therefore, no crystallograpténtation with the substrate is taken.
This is particularly apparent for the hierarchistlictures, which appear to be sitting on
top of the substrate with minimal interaction. Tranches themselves are also likely
due to the vaporization of the catalyst, which rpegcipitate on the surface of already
grown nanowires and subsequently catalyze the groibranches.

Under the hierarchical nanostructures, coveringstiestrate are microrods, with
diameters of 2.6 £ 0.6m. The hexagonal symmetry of ZnO is apparentéstimple on
ac-plane ZnO substrate, and indicates that theseonoids arec-plane oriented. ZnO
will take a crystallographic orientation to mattie t-plane orientation of the substrate.
Shorter nanostructures are also observed growingxegly from the microrods.

Besides the small nanobelts and the large micranadsrods are observed, with
diameters of 392 + 24 A. No catalyst particlesgresent at the tips of the nanorods.
Finally, large spherical particles, likely composedin, are commonly observed sitting

on the substrate. The diameter of the large pestis generally around 10n.
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c-plan 03 substrate c-plane ZnO substrate

Figure 3.14 SEM images of Sn-catalyzed ZnO nan®ared other
structures, including (a) and (b) hierarchial nanadures, (c) and (d)
micro and nanorods, and (d) and (e) low magniftcaimages showing
large tin particles.
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3.3.2 Cirystallite Size and Microstrain Analysis

The crystallite size and microstrain in the tin &mD phases for the sample
synthesized on-plane sapphire were investigated, using the Whian-Hall analysis
method. Scans collected on LgBwder (SRM 660a) were used to determine the
instrumental contribution to peak broadening. pidgpl Williamson-Hall plot for the tin
phase is shown in Figure 3.15a. The data are sbatesgattered. Theintercept is near
zero, indicating the absence of any significankg@aadening due to crystallite size.
The absence of any crystallite size broadeningestgghat the XRD signal from the Sn
phase is being dominated by the large tin partickdditionally, the slope of the tin
Williamson-Hall plot is positive, indicating peakdadening due to a tensile microstrain.
The results from three scans were combined to @ivaverage microstrain of
0.0240 £ 0.0085%.

A typical Williamson-Hall plot for the ZnO phaseskown in Figure 3.15b.
Qualitatively, it is similar to that observed ftwvettin phase, though the scatter in the data
is less. There is no evidence of peak broadeniregtal crystallite size. The absence of
size broadening is likely due to the presence ®2ahO microrods. The slope of the
Williamson-Hall plot is positive, indicating tensimicrostrain. The results from five

scans were combined to give an average microsifair058 + 0.018%.
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Williamson-Hall plots for the (a) Srdai) ZnO phases in
a sample of Sn-catalyed ZnO nanowires.
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3.3.3 Lattice Parameter Analysis

The tin lattice parameter was determined by X-nffyattion. For the sample on

ac-plane sapphire substrate, the@d {00 } peaks from the substrate obscured the tin

peaks. Therefore, an XRD scan was collected with-affset to reduce the intensity of
the substrate peaks. Also, since the tin partetesiot crystallographically aligned with
the substrate, as is apparent in the SEM imagEgure 3.14, analysis by grazing
incidence is possible, and therefore, three GIXR&ns collected. All four scans were
analyzed with Pawley whole pattern fitting, and #verage tin lattice parameters
determined to be 5.8319 + 0.0005 A for thaxis and 3.1830 + 0.0009 A for theaxis.
The measured lattice parameters are not statigtgighificantly (i.e. greater than 3
different than those for pure tin (5.8308 A andgd.a A, PDF #4-4-7747), indicating that
there is no significant amount of Zn in the tinatice parameters measured from the
sample on &-plane ZnO substrate (5.8329 + 0.0010 A and 3.180.8a10 A for thea
andc-axes, respectively) are also within 8f the bulk value, confirming the absence of
Zn in the tin.

A Vegard's law relationship for Sn-Zn alloys canbetestablished directly from
the end members, since tin and zinc have diffezgrstal structures (tetragonal and
hexagonal close packed (HCP), respectively). Hawnew Vegard's law plot can be
constructed for the Sn-rich region using literatiggorts of Sn-Zn alloys [100], as seen
in Figure 3.16. The data has been plotted in teriusit cell volume, to incorporate
both axes. It can be observed that alloying ofndm Sn should cause a significant

decrease of the tin unit cell volume. The absaf@decrease in the tin unit cell volume
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suggests that there is no Zn in the Sn after grotthugh the presence of a small amount

of Zn in the tin cannot be ruled out, as will bealissed further in section 3.3.4 below.

tin unit cell volume (A%)

108.201
108,193_; Vg, (A3) =-0.0471 * at%Zn + 108.19
\\\ R2=0.979
108.18- “\\\
108.171 S
108.161 L
108.15 . : . : :
0 0.2 0.4 0.6
at% Zn

Figure 3.16  Vegard's law relationship for Sn-ricikZh alloys,

constructed using data from [100].

One unknown factor is the effect of the large nmesized tin particles in the

sample. Due to their size, these large particlag be less likely than the catalyst

nanoparticles to absorb Zn through their entirein@. If the X-ray signal is dominated

by diffraction from the large particles, as is segigd by the lack of crystallite size

broadening and nanopatrticle lattice contractioa, XRD results may not apply to the

catalyst nanoparticles.

3.3.4 Implications for Growth Model

Keeping the previous discussion in mind, the ingilans these XRD results for

the growth model may be considered. An inspeatidine Sn-Zn phase diagram, as in
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Figure 3.17 [101], reveals that the growth tempeest of 350-600°C are well above not
only the Sn-Zn eutectic (~200°C) but also the @manelting temperature (232°C).
Therefore, the tin catalyst particles must be tigguiring growth, regardless of the
presence or absence of Zn in the tin. From thegdagram, it may also be observed
that the maximum solid solubility of Zn in Sn isigulow, around 0.6 at% Zn. If Zn was
dissolved in the molten tin during growth, the essc&n above the solid solubility limit
should precipitate out of the tin upon cooling antidification. This would leave behind
no more than 0.6 at% Zn, which would lead to autiit cell volume of 108.16 A
according to the Vegard’s law relationship discddsesection 3.3.3 above. This value is
not statistically significantly different than thie unit cell volume measured from the
nanobelt sample (108.3 + 0.18 for the sample on @plane sapphire substrate).
Therefore, no conclusions may be drawn concerriagtesence or absence of Zn in the
tin catalyst particles during growth. However, fimeling that 1D nanostructures of ZnO
may be grown from both liquid (tin) and solid (gp&s$ discussed in section 3.2 above)
catalysts indicates that a particular catalysestanhot necessary for growth and that the

catalyzed growth of 1D nanostructures is more Hexthan originally imagined.
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Figure 3.17  Sn-Zn phase diagram, showing (a) th@ewtange and (b)
a detail of the Sn-rich region. Reprinted fromJJL@ith permission from
Elsevier.
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3.4 Au-Catalyzed Iron Oxide Nanostructures

3.4.1 Synthesis and Morphology

The Au-catalyzed K&y, nanostructures were grown in the horizontal tuiwadgce
with the laser system to aid vaporization of therse material. The source material was
magnetite (F€,) powder pressed into a solid target rod. Sampére grown on three
types of AbO; substrates: polycrystalline, single-crystallaplane oriented or single-
crystallinec-plane oriented). For the catalyst, a gold film waposited on the
substrates. Data will be presented from all tlypes of substrate, with analysis
focusing on the single-crystelplane substrate.

The target and substrates were placed in the cehtee tube furnace, with the
substrates lying just in front of the target. Thlee furnace was heated to around 800 to
900°C and held at temperature for 60 minutes wheearget was irradiated with the
laser, and then the furnace was cooled under vacbor synthesis details, see section
2.1.3.3)

The samples were imaged with scanning electronaseopy. For the samples
grown onc-plane sapphire, the nanorods are vertically atigmath an average diameter
of 99 £ 22 nm and an average length of 1.1 + @5as seen in Figure 3.18. The
diameter of the catalyst nanoparticles at theigbe same as that of the nanorods. For
the samples grown amplane sapphire, the nanorods grow in-plane, aealfel to the

sample surface, and at right angles to each adsegeen in
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Figure 3.19. The nanorods have an average diamwietd8 + 39 nm and an
average length of 1.4 + 0.5n. For the samples grown on corundum substrates (i
polycrystalline AyO3), the nanorods are not aligned in one directiom, t the
randomness of the substrate orientation, as sefeigume 3.20. The nanorods have an
average diameter of 38 £ 11 nm and lengths around, While the diameter of the

catalyst nanoparticles at the tips is the approteiyahe same as that of the nanorods.

Figure 3.18 SEM images of samples of Au-catalyzg®fnanorods
grown on a-plane sapphire substrate.
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Figure 3.19 SEM imags of sampls ofAu-

grown on ara-plane sapphire substrate.
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Figure 3.20 SEM images of samples of Au-catalyzg®fnanorods
grown on a polycrystalline corundum substrate.

3.4.2 Crystallographic Orientation Analysis

3.4.2.1 With c-Plane Sapphire Substrate

3.4.2.1.1 /2 XRD Patterns
For the samples grown arplane sapphire, the crystallographic orientativese

first investigated with/2 XRD scans, as seen in Figure 3.21. In additicth¢o

substrate {003 peaks, hematite (F,©3) peaks are observed. For the hematite phase,

only the {0006} and {0,0,0,12} peaks are preseAdditionally, in longer scans traces of
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the magnetite (R©,) {111}, {222}, {333} and {444} peaks are presento evidence
was found of -Fe,03 nanobelts, which have been previously observed162]. Finally,

gold {111} and {222} peaks are observed. Thesealtesndicate that the following

families of planes from each phase are parallthécssample surface: ADs; {000 },

Fe,03 {000 }, Fes0, {hht} and Au {hhH}.

(0006) (0,0.0,12)
(0006) Fe,O,
Fe,0,
6000 AlO, substrate
~
a2
5
\8-/ 4000
.
=
ol
=
3
[=
[
2000- (0,0.0,12)
497 (0009)
0;.‘.1r.‘..rr\’.‘.L...w.\..‘\gj‘.w‘r..
30 40 50 60 70 80 90
20 (%)

Figure 3.21 /2 XRD scan of Au-catalyzed F®y nanowires
synthesized on eplane sapphire substrate.

In addition, the XRD results, combined with the etved vertical alignment of
the nanorods, indicated that the nanorod growtctdon is [0001] for hematite and [111]
for magnetite. Previous TEM analysis [52] of aifamsample grown on an alumina

substrate also showed the growth direction of thgmetite nanowires to be [111].
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However, the growth direction of the hematite namesvwas found to be [10] in the
previous TEM analysis. The presence of singletahygapphire substrates in the current
samples may have affected the growth directiomefhtematite nanowire, particularly
considering the close lattice match betweesOAlnd FeOs; (4.7602 and 12.9933 A for
Al,O; (PDF #4-4-2852), and 5.0342 and 13.7483 A foO5€PDF #4-3-2900), for the

andc axes respectively).

3.4.2.1.2 Texture Analysis

Texture data were collected from the gold, hemaitite magnetite phases for the
samples grown oo-plane sapphire substrates, following the methastsudsed for Au-
catalyzed ZnO nanorods in section 3.2.2.3 abovethé pole figures are in Appendix
APPENDIX B for reference. One pole figure for egttase will be shown here to
illustrate the measured crystallographic orientegio

For the gold phase, pole figures were collectethe{111} and {200} peaks.
The Au {111} pole figure is shown in Figure 3.2Zhe central peak confirms the {111}
orientation observed in thé2 scan. The peak is slightly off-center, likely doea
slight sample misalignment. Six peaks are obseaved -tilt angle of 75° and evenly
spaced every 60° in. These six peaks indicate the presence of twatatggraphic

{111} orientations, rotated about the sample norbab0° from each other. Each
orientation explains three of the observed peakihiby111}-equivalent planes11),
(2 1) and (11). The expected angle between {111} planes is Which is consistent

with the -tilt angles measured. The other, {200} pole figggpllected on the gold phase

confirms these orientation relationships found fritwve {111} pole figure.
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Figure 3.22  Crystallographic orientation of thedjohtalyst particles
on a sample of Au-catalyzed ¥ nanowires grown on @plane
sapphire substrate, showing (a) the Au {111} paere and (b) the two
gold orientations, related by a 60° rotation. Phes {111} planes
correspond to the intensity peaks in the pole &gur

For the hematite phase, pole figures were colleatethe {104}, {02 4} and

{11 3} peaks. Hematite has the same crystal struemdesimilar lattice parameters

(are203= 5.0342 A and oz = 4.7602 A, ger03= 13.7483 A and o3 = 12.9933 A;
PDF #4-3-2900 and #4-4-2852, respectively) to #pphire substrate, which allows the
substrate peaks to obscure some peaks from thetiteeptzase, namely those that would

match the crystallographic orientation of the stdist However, peaks from other
crystallographic orientation may be distinguishesiseen in the F®; {02 4} pole

figure shown in Figure 3.23. Six peaks are obgknatea -tilt angle of 60-65° and
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evenly spaced every 60° in The three strong peaks atotation angles of 0°, 120° and
240° are from the-plane sapphire substrate and likely obscured htanmaks with a
matching {0001} crystallographic orientation. Téepected angle between the {0001}
and {02 4} planes is 58°, which is consistent with theilt angles measured. The three

weak peaks at-rotation angles of 60°, 180° and 300° indicatec@sd hematite {0001}
crystallographic orientation rotated from the fiogt60° about the sample normal. The

other pole figures collected on the hematite pltasdirm these orientation relationships

found from the {024} pole figure.

Figure 3.23  Crystallographic orientation of the la¢ite phase on a
sample of Au-catalyzed F®, nanowires grown on @plane sapphire
substrate, showing (a) theJBg {02 4} pole figure and (b) the two
hematite orientations, related by a 60° rotatidhe green {024} planes
correspond to the intensity peaks in the pole &gur
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For the magnetite phase, pole figures were colieotethe {111}, {220} and

{311} peaks. The F©, {311} pole figure is shown in Figure 3.24. Thedh strong

peaks at a -tilt angle of 45° are overlap from the 85 {10 4} reflection of the

substrate. The expected angle betwee®AJ0001} and {10 4} planes is 38°, which is

consistent with angles measured from the pole éig8ix peaks are observed at-&lt
angle of 60-65° and evenly spaced every 602 ifThis confirms the {111} orientation of
the magnetite phase, as observed in tBescans. These six peaks correspond to the
( 13), (31), (13), (31), (3 1) and (13) planes, which have an expected angle of 59°
with the (111) plane, consistent with the angle snead from the pole figure. Six
additional peaks are observed at-alt angle of 35° and evenly spaced every 60°.in
These six peaks indicate the presence of two diygtaphic {111} orientations, rotated
about the sample normal by 60° from each othech Baentation explains three of the
observed peaks by the {311}-equivalent planes (3@B1) and (113). The expected
angle between these planes and the (111) plargg,isvRich is consistent with the angles
measured from the pole figure. Some indicatiothef( 3), (3 ) and (3 ) peaks are
also observed in the pole figure. However, tht angle is too high (at an expected
angle of 80°) to allow them to be clearly distighed. The other pole figures collected
on the magnetite phase confirm these orientatilaioaships found from the {311} pole
figure. The orientation relationships measuredafbthree phases, including parallel

planes and direction, are summarized in Table 3.3.
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Figure 3.24  Crystallographic orientation of the meiife phase on a
sample of Au-catalyzed F®, nanowires grown on @plane sapphire
substrate, showing (a) thesr {311} pole figure and (b) the two
magnetite orientations, related by a 60° rotatibhe green {311} planes
correspond to the intensity peaks in the pole égwith the exception of
the three strongest peaks, which are overlap frastbstrate.

Table 3.3 Crystallographic orientations between&bheFeQOs, Fe&O,
and AbOs; phases for Au-catalyzed & nanostructures otxplane

sapphire.
Au {111} (2117  (112)
FeO; {0001} (1120) (2110
FeO, {111} (211  (112)
Al,O; {0001}  (2110) (2110)
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3.4.2.1.3 Discussion of Crystallographic Orientations
Al,03; and FgO3; have the same rhombohedral crystal structure @vithid

symmetry in the basal plane. Therefore, it is etgubthat the hematite will take the

same {000} crystallographic orientation as the sapphire s#ts. Since gold and

magnetite have face-centered cubic (FCC) symmitey{111} planes of both phases
have three-fold hexagonal-like symmetry. Therefgmd and magnetite are expected to
take fhhh} orientations. The/2 XRD scans confirm these predicted crystallographic
orientations for each phase.

The texture analysis gives additional informatiboat the crystallographic
orientation, including the parallel directions vinthihe parallel planes. The presence of
two crystallographic orientations rotated aboutgample normal by 60° from each other
for the gold, hematite and magnetite phases relsaltsthe six-fold symmetry of the
substrate. The hexagonal or hexagonal-like symesetf the interfacial planes for each
phase in these samples match, as illustrated ur&i8.25. The lattice mismatches

between all phases of this sample are low, belo¥, Hs shown in Table 3.4.
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Figure 3.25 Schematics showing crystallographieradtions of the
Au, FeOsz and AbO; phases in a sample of Au-catalyzeg@eanowires
on ac-plane sapphire substrate.

Table 3.4 Calculated lattice mismatches betweernF&8i0s, F&O,
and AbOg3 with crystallographic orientations as outlinedlable 3.3

above, for Au-catalyzed F®, nanostructures otxplane sapphire.
Lattice
Phase 1 Phase 2 Mismatch

Au Fe0s 0.5188%
Au Fe0O4 2.736%
Au Al,O3 -4.830%
Fe0Os FeOq4 2.217%
FeOs Al>,O3 -5.348%
Fe0,4 Al,0O3 -7.563%

3.4.2.2 With a-Plane Sapphire Substrate

For the sample grown aaplane sapphire, the crystallographic orientatiwese
investigated with /2 XRD scans, as seen in Figure 3.26. Offset scame wollected in
order to reduce the signal from the substrate(} peaks, which overlap other peaks of

the sample. Two phases are observed: hematit®{Fand gold. For the hematite
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phase, only thé1120) and(2240) peaks are present, and for the gold phase toaly

{111} and {222} peaks. These results indicate ttet following families of planes from
each phase are parallel to the sample surfag@3;Ahh-0}, Fe,03; {hh-0} and Au {hhh}.
No evidence was found of the magnetite-6¢1e,03; phases. Usable texture data were not

able to be collected due to the small size of tree.

Figure 3.26  Offset XRD scan of Au-catalyzed®gnanowires grown
on ana-plane sapphire substrate.

Hematite and alumina have the same structure Wwélsame space group @
and similar lattice parameters. Therefore, itnderstandable that they have the same
orientation with the {110} planes parallel to the sample surface. Théckthismatch

between these planes is also small, less thanTa%.gold phase takes the same
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crystallographic orientation on both taglane and-plane sapphire substrates,
suggesting that the orientation of gold may be goe@ more by the surface energy of

the nanoparticles, than by lattice match with thiessrate.

3.4.3 Cirystallite Size and Microstrain Analysis

The average crystallite size and microstrain weterdhined for the gold particles
catalyzing FgOy nanostructures ortplane sapphire with the Warren-Averbach method,
as discussed in 2.2.2.2.3. The size and straia wadculated from the Au {111} and
{222} peaks, with LaB peaks correcting for instrumental broadening. awerage
crystallite size was determined to be 25.5 + 0.2 amad the root-mean-square microstrain
to be 0.161 + 0.004%. For the sampleagiane sapphire, the gold peaks were partially
obscured by substrate peaks, preventing Warrenb&aehranalysis. However the
average crystallite size was calculated using tee8er equation to be 52 + 5 nm.

These results confirm that the gold is nanocryisell

3.4.4 Gold Lattice Parameter Analysis

3.4.4.1 Lattice Parameter Determination

The gold lattice parameter was determined by Xdiffyaction. Data were
collected on three samples, two®@plane oriented substrates and one oa-plane
oriented sapphire substrate. Four to t&nh and/or -offset scans of Aufhh} peaks
were collected on each sample, and the resultagedr The lattice parameters for each
sample are not statistically significantly diffet¢ne. within 3 ) from each other. The
average lattice parameter is 4.0787 + 0.0016 Aclwis equal to the bulk value of

4.0786 A (PDF #4-784). A control sample was sysittesl by heating at gold-coated
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plane sapphire substrate under the same condamtisose used for the nanowire
synthesis, omitting only the laser-ablated souiftiee lattice parameter of the control
sample was determined to be 4.0763 + 0.0015 A, wiistatistically the same as both

the bulk value and the results from the nanowiredas.

3.4.4.2 Discussion of Gold Lattice Parameter

As discussed in section 3.2.3.4 above, the diffusioa solute, such as Fe, into a
solvent, such as the gold catalyst particles, etilinge the lattice parameter. A Vegard’s
law relationship for Au-Fe alloys cannot be estli#id directly from the end members,
since gold and iron have different crystal struesufFCC and BCC, respectively).
However, a Vegard’s law plot can be constructedherAu-rich region using literature
reports of Au-Fe alloys, as seen in Figure 3.2fe Vegard’s law plot was constructed
using lattice parameters from the control sampe@with two literature reports. The
Auo sF& 5 phase, which was generated using alternate momatonitilayer deposition,
has the L4 structure, which is similar to FCC, with altermgtiAu and Fe layers and a
slight tetrahedral distortion [103]. The latticerameters were averaged to obtain an
equivalent FCC lattice parameter. TheyAfe 3 and Aw gFey 2 phases, which were

synthesized by spin-quenching from the melt, argpk FCC alloys [104].
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Figure 3.27 Vegard's law relationship for Au-Fewdl, constructed
using data from [103] and [104].

It can be observed that alloying of Fe into Au ddaause a significant decrease
of the gold lattice parameter. The absence ofcaedse in the gold lattice parameter
suggests that there is no Fe in the gold after tiroWwhe expected contraction is
significant at as little as 1.2at% Fe, where thicka parameter is 4.0739 A (c.f. the

experimentally measure lattice parameter of 4.07870016 A).

3.4.5 Implications for Growth Model

3.4.5.1 Catalyst Particle State

The above results have significant implicationstha proposed growth model,

similar to the results from Au-catalyzed ZnO namisrdiscussed in section 3.2.4 above.
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As can be seen from the Au-Fe phase diagram [H¥5] g1 Figure 3.28, the eutectic
temperature (1036°C) is not much less than theimgeiémperature of pure gold. The
growth temperature of the Au-catalyzed®gnanorods (800-900°) was well below even
the Au-Fe eutectic temperature. Additionally, nmgjtpoint depression due to
nanoparticle size is insufficient to cause melfimigthe size of nanoparticles in these
samples (~100 nm ) at the growth temperature, gsbh@aeen in Figure 3.12. Therefore,
the catalyst particles must be solid during growglgardless of whether or not Fe is

diffusing into the gold catalyst particles.
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Figure 3.28 Au-Fe phase diagram [105]. With kirednpission of
Springer Science+Business Media.
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3.4.5.2 Diffusion Path

The absence of Fe in the gold catalyst particlessignificant implications
concerning the diffusion path of the Fe to the gtofront. Looking again at the phase
diagram in Figure 3.28, there is significant saladubility of Fe in Au at the growth
temperature, around 45 to 50 at%. If Fe were tisslan the gold to the point of
supersaturation during growth, as in the convealionderstanding of the VLS
mechanism, a significant amount of Fe should kianehe gold after growth. However,
no evidence of Fe in the gold was found after ghpwtiggesting that no Fe was in the
gold during growth. If no Fe is present in thedydhe Fe must not be diffusing through
the bulk of the catalyst particle, and is moreliik® be diffusing around the surface,

which is indeed a faster diffusion pathway, asulsed in section 3.2.4.2 above.
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CHAPTER 4

ELEMENTAL NANOSTRUCTURES

4.1 Introduction

The category of elemental 1D nanostructures encesggasome of the most well
studied types of nanostructures. For exampleotananotubes (CNTs) have been
extensively studied since they were first descriipet®91 [1] by lijima, using arc-
discharge. CNTs are also often grown from the ohgmsition of a carbon-containing
gas, such as methane (§}bver a metal catalyst, typically nickel or iran,a manner
similar to the VLS and VSS mechanisms [2-11]. Aliagle-component metal
nanowires have been grown, typically using a tetepi@ethod, where the metal is
deposited in a mesoporous material [12, 13].

This research focuses on the growth of silicon mares. Silicon nanowires have
been studied since the early 1990s [14-16], wheathegis was typically by a top-down
approach involving reactive ion etching. Bottomagproaches to Si nanowire growth
were also developed, generally involving the decositpn and/or deposition of a Si-
containing source material on the surface of a hoatalyst. Early research on silicon
whiskers (i.e. high aspect ratio crystals in theron range) often used silicon
tetrachloride (SiG) as the source material [17-23]. In 1997, Westwat al. [24] found
that silicon nanowire synthesis could be bettetradled, and thinner nanowires could be
obtained, when using silane (S)Hs the silicon source, which has since become the
standard method for synthesizing silicon nanow[i2&s38]. A similar technique

decomposes germane (GeH4) on catalysts to synéghgsimanium nanowires [39-44].
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Additionally, silicon nanowires have been synthediwvithout catalysts using an oxide-
assisted growth (OAG) mechanism [45-51].

Though most initial research focused on siliconavare synthesis, progress has
been made on potential applications of silicon mares. Silicon nanowires have been
used for electrical sensing in bio-systems [54}luding neurons [53] and hearts [54].
Silicon nanowires perform better than traditionaternials in anodes for lithium ion
batteries, having a higher charge capacity [55-&licon nanowires have also found
application in solar cells, both as absorber anahaanti-reflective coating [59-62].

Basic logic and memory elements including silicamowires have been demonstrated
[63, 64], presaging applications in nano-electrsnic

This research focused on gold-catalyzed silicoronames. First the synthesis
parameters and methods will be presented, alorfgelgctron microscopy analysis of the
nanowire morphologies. Results from several cdisanples will be included. Next, X-
ray characterization results of the silicon nanewwill be presented, includimg-situ
XRD, size/strain analysis and lattice parametelyaa Finally, this chapter will discuss
the implications of these findings towards the gitomodel of the catalyzed growth of

nanostructures.

4.2 Growth of Nanostructures

4.2.1 Synthesis Parameters

Gold-catalyzed silicon nanowires were grown in are}( furnace in order that
in-situ X-ray diffraction data could be collected duringwgth, as detailed in section
2.1.3.4 above. The nanowires were grown in the HA00 oven-type furnace. The

substrates, oxidized single-crystal Si (100) spattavith five to ten nanometers of gold,
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where placed in the center of the furnace. Bassspires prior to heating were around
102 to 10° mbar. Oxygen contamination was found to be aifsdgmt factor in nanowire
growth, and therefore the residual oxygen was @urtbduced by purging the chamber
with N, and by holding the furnace at the growth tempeeafor one hour prior to
starting growth. The growth temperature rangethf&®3 to 777°C, with 685°C being
the most common. The source gas, a mixture ofilees(SiH,) in nitrogen was flowed
for anywhere from ten minutes to one hour, witmd@ being the most common. The
growth pressure was 1 to 10 mbar, with 3 mbar b#agnost common. Finally, the

furnace was cooled under vacuum.

4.2.2 Electron Microscopy Analysis

4.2.2.1 Morphology

The samples were imaged with scanning electronaseapy as shown in Figure
4.1. The density of nanowire growth is high, whle nanowires forming a tangled layer.
Measuring the nanowire lengths is difficult, dudtie tangled nature of the growth.
However, the lengths appear to be on the ordeewdral microns or greater. The
nanowires have diameters of 21 + 7 nm. The asp#otof the nanowires is on the order
of 100. The total thickness of the nanowire lageyn the order of 10m, as seen in

Figure 4.2.
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Figure 4.1 SEM images of the typical tangled namewgrowth
morphology. The inset is at a higher magnification

Figure 4.2 SEM image showing the thickness of du@omire layer to
be around 10m.

130



In some samples, thicker nanowires were observeed,diameters on the order of
100 nm, as seen in Figure 4.3. While the thinm@omwires generally have smooth sides,
these thicker nanowires have rough surfaces, whij be due to partial oxidation of
thinner nanowires by residual oxygen in the furnasethese rough nanowires were more
often observed when the base oxygen partial presgas higher. Indeed, TEM imaging
reveals a thin, smooth nanowire at the core of softiee thick, rough nanowires, as seen
in Figure 4.3a. However, in many cases smoothrangh nanowires were observed in

the same area of the same sample, as seen in Bidure

Figure 4.3 (&) TEM and (b) SEM images of thick,gbunanowires,
showing thin core.

Closer examination with TEM reveals catalyst péetiat the tips of the
nanowires, as seen in Figure 4.4. The catalysicfes are roughly hemispherical in

shape, with diameters around 20 nm. The catabsicfes and nanowires are covered
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with a layer, around 2 nm thick, which is likely arphous silica. EDS spectra confirm
the presence of Au in the catalyst particles, #dlsence in the nanowires, as seen in
Figure 4.5. The Cu and C peaks are from the TEMard film. The O peak may come

jointly from impurities in the C grid and from anpdrous silica.

Figure 4.4 TEM images of nanowire. Inset from areged box,
showing catalyst particle and covering layer.
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Figure 4.5 EDS spectra collected in TEM from cataparticle (in
blue) and nanowire (in red).

The nanowires are thinnest at the tips, aroundm5amd thickest at the base,
around 25 nm, suggesting two possibilities. Ongsjmlity is that a small, but non-
negligible, amount of lateral growth occurs on sides of the nanowires by a vapor-solid
(VS) process. The presence of lateral growth i@t the base, which has had a longer
time to grow than the tip, to being thicker [29, 88]. The other possibility is that the
catalyst particles have decreased in diametertmité, due to diffusion of the catalyst
away from the tip. As the diameter of the nanowsrdetermined by the diameter of the
catalyst particle, the decreasing catalyst partide leads to tapered nanowires [30, 36,
37, 67]. The bases of the nanowires have roughses, as do some isolated sections

around 100 nm in length in the middle of the namewiThese sections may have been in
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greater contact with the oxidized substrate, cgudia nanowire in those sections to

become more oxidized than other sections.

4.2.2.2 Growth Direction and Twinning

The nanowires were further characterized with hegnlution transmission
electron microscopy (HRTEM). The nanowires arestafine, with a growth direction
of (111), as seen in Figure 4.6a. The averagedatpacing is around 3.5 A, as
determined by a fast Fourier transformation (FHT3 broad line scan perpendicular to
the lattice planes. This value is consistent whencalculated (111) lattice spacing of
3.1355 A, when considering the difficultly in calitting HRTEM distances. Some areas
were not fully crystalline, as seen in Figure 4ldtely due to partial oxidation of the
silicon nanowires to amorphous silica. Also visild an amorphous coating on the

nanowires with a thickness around 2 to 3 nm, agigusly observed.
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Figure 4.6 HRTEM images of silicon nanowire, shagv{a) (111)
growth direction and (b) partially crystalline navice, with the crystalline
areas outlined in yellow.
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HRTEM images collected from some curved areaseh#mowires show crystal
defects, as seen in Figure 4.7, namely twins aakstg faults. The twin planes are
parallel to each other and make an angle of apprataly 70° with the (111) crystal
planes. This indicates that the twin planes afil{1as the calculated angle between
equivalent {111} planes is 70.5°. The observedtalydefects may be what allows the
nanowires to remain crystalline while they arersiig curved. Indeed, (111)
deformation twins have been reported in materiatls the diamond cubic crystal
structure [68]. Also, (111) twin planes have besported in silicon nanocrystals formed

by ion implantation [69].
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Figure 4.7 HRTEM image of bent section of nanowstewing twin
planes (yellow lines) and stacking faults (marketh\arrows). The inset
image is from the area marked with a red box.
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4.2.3 Control Samples

In order to further investigate the synthesis pssceeveral control samples were
synthesized, keeping the same synthesis conditarigshanging one key factor in each
control. For one sample, no gold was depositethersubstrate. Without the gold, no
nanowires grew, as seen in Figure 4.8a, though sough deposition, presumably
silicon, was observed on the substrate. Othertsatbs with gold deposited in only some
areas grew nanowires only in the areas with gdlde lack of nanowires indicates that
the gold is necessary to catalyze the growth obnanes.

For another control sample, the substrates weredaweth gold, but the Msilane
mixture source gas was replaced with pusgdk. Again, no nanowires grew, as seen in
Figure 4.8b, indicating that the silane is necegskargrowth, and suggesting that the
silicon substrate does not contribute to the pmcd$e gold formed nanoparticles with
diameters of 76 + 41 nm. The gold lattice parametes determined to be
4.0785 + 0.0006 A, which is within 1of the bulk value (4.0786 A, PDF#4-1-2616).
There is no evidence of lattice contraction duthtoparticle size. The gold lattice
parameter of the control sample will be used fanparison to the gold lattice parameter

from silicon nanowire samples in section 4.3.2 elo
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Figure 4.8 SEM images of control samples with (apa with no gold
and (b) no silane.
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To further investigate the substrate effect, twogl@s were synthesized on
different substrates, an MgO (100) single crygjiss and a Si (100) substrate that had
been etched with a dilute HF solution in orderedmove the surface oxide. All the
control substrates were sputtered with gold insdi®e way as the standard substrates.
Nanowires grew on all three types of substratesaase seen in Figure 4.9, confirming
that a particular crystallographic orientation daitice match with the substrate is not
necessary for growth.

The nanowire morphology observed on the HF-etchétl(®) substrate was
fundamentally the same as that observed on nore@t8h(100) substrates. However,
some differences were observed on the MgO and glasstrates. On the MgO
substrates, the nanowires were curlier and hadla distribution of diameters, around 30
to 200 nm. On the glass substrate, the nanowiees similar to those on standard
substrates, but were only found in a few scattareds. These results indicate that the
substrate does have an effect on the morphologgyidenced by the sample grown on
an MgO substrate in particular. Chemical inte@ctietween MgO and either gold or
silane is unlikely at these conditions. The obsdrdifference in morphology may be due

to lattice mismatch between the substrate and mghdparticle.

140



() (b)

(©)

Figure 4.9 SEM images of nanowires synthesizedhogetdifferent
substrates: (a) MgO (100), (b) glass and (c) HRed Si (100).
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4.3 X-Ray Analysis

4.3.1 In-Situ X-Ray Diffraction

In-situ XRD data were collected during the growth of thie@n nanowires. An
incident-side Gobel mirror generated a parallenbed he diffracted beam was detected
by a linear position sensitive detector, for fasigans. This optic combination was found
to give the highest intensity. However, this conaion left the XRD data vulnerable to
sample surface displacement error. This erroaiiqularly egregious im-situ X-ray
diffraction, because thermal expansion of the foenand sample can cause significant
height changes. Therefore, accurate lattice pasamesults could not be determined

from thein-situ data. However, useful phase transition data cstilldbe determined.

4.3.1.1 Gold Catalyst Particle State

Thein-situ XRD data for a typical sample are shown in Fighi®. In the initial
heating stage, the gold (111) peak increasesamsitly and narrows. This is indicative
of the as-sputtered gold increasing in crystaliai$ it is annealed, and forming
(111)-oriented nanoparticles. During the one-Hmld at the growth temperature before
the introduction of silane, there is little changé¢he X-ray scans. Once the silane flow
starts, the gold peaks immediately and quickly bégidisappear, indicating that the gold
nanoparticles are losing their crystal structurbe gold peaks reappear after cooling to
room temperature, as they resolidify from the mokitate. After growth, the gold signal
is that of a randomly oriented polycrystalline mietle As the gold is now at the tips of
the nanowires, it no longer preserves an epitaglationship with the substrate. For

samples where nanowires did not grow, the goldchdidmelt, almost without exception.
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Out of 27 samples synthesized, only one did nddfothe standard relationship between

gold melting and nanowire growth.
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Figure 4.10 In-situ XRD data from the growth of Au-catalyzed Si nan@si Each horizontal line is one XRD scan,
with the intensity represented by the color. Tih& Ecan is at the bottom, and time progressesawhwThe inset
shows the same data in a 3D view.
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4.3.1.2 Oxygen Effect

For some samples, the gold peaks decreased irsitytafter the silane addition,
but did not completely disappear, indicating that ¢old did not melt completely. The
degree to which the gold melted is shown as a foncif the base oxygen partial
pressure in Figure 4.11. The degree of meltimguentified by normalizing the
percentage reduction in the gold (111) peak aeéiftad by Jade, with the length of time
of silane exposure. The base oxygen partial pressiestimated based on the total base
pressure and amount of Nurging, if any. Outside a few outliers, the aegof gold
melting increases as the residual oxygen decre&@®eggen will react with silane to form
SiO, and HB. Residual oxygen in the furnace may react withditane, leaving less

silane to interact with the gold catalyst particles

Figure 4.11 Degree of Au melting as a function agdooxygen partial
pressure. The degree of Au melting is calculatenhfdifference between
the integrated intensities of the Au (111) pealsigeand after the
introduction of silane, normalized for the totahé& of silane exposure.
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4.3.1.3 Gold Recrystallization Temperature

For several samples-situ XRD data were also collected during cooling after
growth, in order to investigate the gold recrystalion temperature. As seen in Figure
4.12, the gold peaks do not reappear until the at@84°C. This is significantly below
the gold eutectic temperature of ~364°C [70]. &uectic temperature may be lowered
for the Au nanoparticles due to the Gibbs-Thompsitect, as has been previously
reported during the growth of Ge nanowires [44he TGibbs-Thompson effect relates the
radius of curvature of a particle, and consequethgydiameter, to the vapor pressure and

further to other properties, including the melttegiperature.
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Figure 4.12 In-situ XRD data collected during cooling from growth tesmgture, showing gold recrystallization.
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4.3.2 Post-Growth X-Ray Diffraction

After synthesis in the X-ray furnace, the silicanowire samples were further
characterized using X-ray diffraction. The XRDalatere collected on the MRD
optimized for accurate lattice parameter deternonabeing outfitted with the Gobel
mirror, 0.09° parallel plate collimator and 0.04 Boller slits. Since the nanowires are
not aligned, as can be clearly seen in Figure dol/e, the grazing incidence technique
could be employed to increase the signal from towires. Additionally, as the
substrate is single crystal, it will not appeaGIXRD scans, allowing the signal from the
nanowires to be clearly distinguished. Signalsiftwoth the gold catalyst particles and
silicon nanowires are present, as seen in Fig& 4No other phases, including any
silica phases, are observed.

Since many peaks from each phase may be obseraete\yPwhole pattern fitting
may be applied to the scans. For this sampleydkierns were fitted using a second-
order polynomial background curve and a pseudo-Magygak shape function. 2ero
and sample surface displacement errors were noetkfas they were aligned before
measurement and eliminated through the use oflphib@lam optics, respectively. At
least three GIXRD scans were collected from eadhreke samples, and the results

averaged.
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Figure 4.13  GIXRD scan of Au-catalyzed Si nhanowires

For the gold phase, the lattice parameter averagedthe three samples was
determined to be 4.0731 + 0.0025 A. This valustasistically the same (i.e. within B
as that measured from a control sample never egossiH, (4.0785 + 0.0006 A), as
discussed in section 4.2.3 above. However, there small but significant differences
between the three samples. The lattice parame¢eesmined from the first two samples
(4.0727 + 0.0006 A and 4.0711 + 0.0002 A) arestiatilly the same, but they are
smaller than the lattice parameters determined ftanthird sample (4.0760 = 0.0003 A)
and from the control sample. The first two samplieshave a slightly different synthesis

procedure. The chamber was not purged withchinsequently the base oxygen partial

149



pressure was higher, and the gold only partiallitededuring synthesis. The third
sample, which was under the best conditions, hatliee parameter within 3of the

control value. It is unclear why these differencethe synthesis would have resulted in
differences in the gold lattice parameter. Howetlex average lattice parameter from all
three samples was statistically the same as thitheafontrol sample, which indicates that
there is no significant amount of Si dissolved itite Au. This follows from the same
Vegard’s law principle discussed further in sectof.1 below and in section 3.2.3.4

above for Au-catalyzed ZnO nanorods.

4.4 Implications for the Growth Model

4.4.1 Absence of Silicon in Gold Catalyst Particles

The finding that the gold lattice parameter frosaaple of silicon nanowires is
the same as the gold lattice parameter from a sathat was not exposed to silane and
grew no nanowires indicates that no silicon isalis=d in the gold at room temperature
after growth. A Vegard’s law relationship for Aodasilicon cannot be established
directly from the end members, since gold andailibave different crystal structures
(FCC and diamond cubic, respectively). Additiopathere is a dearth of
crystallographic studies of Au-Si alloys in thefdture, from which a Vegard’s law plot
for the Au-rich region could be constructed. Pgw&l and pure silicon phases easily
segregate [71]; therefore most studies are of hapukenched alloys or thin film
depositions. The intermetallics phases studieldidechexagonal, orthorhombic and
primitive and body-centered cubic structures [, 7

There are, however, two reported Au-Si intermetalvith FCC-based supercells,

which may be used for a Vegard’s law plot constauct The first, around 15mol% Si,
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has a cubic unit cell, with lattice parameter &4z A, composed of eight FCC units,
with an FCC equivalent lattice parameter of hadf timit cell length (3.922 A, PDF#26-
723 [74]). The second, around 35mol% Si, has &auit cell, with lattice parameter of
19.503 A, composed of 125 FCC units, with an FC@iwadent lattice parameter of one-
fifth the unit cell length (3.9006 A, PDF#26-724]). A more recent study of the
second phase, at a composition of 33mol%Si, plmmesupercell lattice parameter at
19.6 A and the FCC equivalent lattice paramet&:.@2 A [71], using HRTEM.

The Vegard’s law plot constructed from these datatp, as well as the control
sample, is seen in Figure 4.14. The fit is poat,ibcan be observed that alloying of Si
into Au should cause a significant decrease ofjtild lattice parameter. As no
significant decrease was seen in the gold lattzcarpeter from the sample Si nanowires,

it may be concluded that there is no Si in the Aeragrowth.
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Figure 4.14  Vegard's law plot construction forcsihi in gold, based on
data from Luo, Klement and Anantharman [74] andiRmiy Sharma and
Eyring [71].

4.4.2 Catalyst Particle State

The results above on gold-catalyzed silicon nanesvrave some interesting
implications for the growth model. The-situ XRD data clearly and conclusively show
that the gold catalyst particles are molten duriagowire growth. This is in contrast
with the results for gold-catalyzed ZnO nanowigsreported in section 3.2.4.1, where
the catalyst particle was determined to be soliwhdugrowth. The difference is likely to
due to differences in the type of bonding of therse, as will be discussed further in
section 5.1.1.

The melting point of pure gold (1063°C) is well &bdhe growth temperature of

the nanowires, even when accounting for the GibleATpson effect on the melting
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point of nano-sized particles [75]. Therefore, tfog gold to have melted, as it did,
another factor must have come into play. Silicod gold have a eutectic interaction, as
seen in the phase diagram in Figure 4.15 [70], wigutectic temperature well below the
growth temperature. Therefore, silicon must hagealved into the gold catalyst
particles during growth, in order to cause eutertaiting. However, as shown above, no
silicon is present in the gold at room temperatiter growth. Looking again at the
phase diagram in Figure 4.15, it may be seen lieaktis little solid solubility of silicon

in gold. This is supported by literature repowhjch have found that rapid quenching
from a Au-Si melt is necessary to prevent the faromeof separate gold and silicon
phases upon solidification [76, 77]. Therefore, $ilicon likely exsolves out of the gold
nanoparticles as they recrystallize on coolinge $hall dimensions of the nanoparticles
may allow the silicon time to diffuse to the sudawhere it forms a thin shell, as seen in

Figure 4.4.
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Figure 4.15 Gold-silicon phase diagram. Repriritech [70] with
permission from Elsevier.
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CHAPTER 5

GROWTH MECHANISM

5.1 Reuvisiting the Open Questions
Among the unresolved issues surrounding the catdlgzowth of 1D
nanostructures are two central open questions;easopisly outlined in 1.2.3. First, what
is the state of the catalyst particle during growitfuid or solid? Second, what is the
diffusion path of source material to the growthfrdoulk diffusion through the catalyst
or surface diffusion around it? This purpose g #ection is to investigate these two

open questions and to apply the results of thisare toward addressing them.

5.1.1 Catalyst Particle State

5.1.1.1 The Possibility of Solid Catalyst Patrticles

In the VLS mechanism, the catalyst particle isiigguring growth. However,
some studies in the literature have reported tBatdnostructures may also be grown by
solid catalyst particles, which has been termed/#p®r-solid-solid (VSS) mechanism.
The term “VSS” was first employed in 1971 by Bootsand Gassen [1]. The authors
demonstrated the growth of Ge whiskers from gernf@ad) with Au catalysts at
temperatures down to around 50° below the eutemtiperature, though they still
attributed growth to the VLS mechanism, arguing tha melting temperature of the
catalyst nanoparticles was lowered, due to the &iliiompson effect. The possibility of

a solid catalyst particle was not invoked againl@®01, in a study of Ti-catalyzed Si
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nanowires grown from silane at temperatures ardi@®d below the eutectic temperature
(around 1330°C) [4].

Since then, there have been several more repoifS obhnostructure growth from
solid catalyst particles, in most cases for grobglow the eutectic temperature. Solid
catalyst particles have been reported for the gr@kZnO nanostructures. Campos et al.
[5] grew Au-catalyzed ZnO nanowires at 200-450°¢{dic 730°C). The catalyst
particle was identified asAuZn via XRD. Two studies of Sn-catalyzed ZnO
nanostructures found evidence for the persistehserme amount of crystallinity in the
catalyst particles at temperatures well above ¢vermelting temperature of pure tin.
Ding, Gao and Wang [6] found that one single-ciilisgtin particle could catalyze the
growth of two nanostructures, each with a crystergation matching the catalyst
particle, and hypothesized the presence of a fartiystalline surface on the catalyst
particles. Zhuang et al. [7] grew Sn-catalyzed Ai#Orystalline nanostructures with
twin boundaries running parallel to the length, &gdothesized that these bi-crystalline
nanostructures resulted from nucleation from algsttparticle with a twin defect.

Solid catalyst particles have also been reportethi® growth of Ge
nanostructures. Ge nanowires have been grown Koratalysts at temperatures below
the eutectic using a supercritical fluid, inste&dapor, as the source phase [8, 9]. Ge
nanowires have also been grown from Au catalystisraperatures below the eutectic
[10, 11]. Kodambaka, Tersoff, Reuter and Ross [ddgstigated the nanowire growth
in-situin a TEM. They found that nanowires could growanfrsolid and liquid catalysts
at the same temperature, depending on the souregiah@ressure and thermal history.

Other systems for which solid catalyst particlegenbeen reported include Ni,Co-
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catalyzed W nanowires [12] and Au-catalyzed GaAsomares [13]. Studies of
Au-catalyzed InAs and InP nanowires have even tefddhat growth could only occur
with solid catalyst particles [14, 15]. No nanosvgrowth was observed above the

eutectic temperature.

5.1.1.2 Implications of the Experimental Results

This research investigated the catalyst partidtedbr four material systems:
Au- and Sn-catalyzed ZnO nanostructures, Au-cagalyzgO, nanowires and Au-
catalyzed Si nanowires. Gold catalyst particleseveirectly observed, via-situ XRD,
to be liquid during the growth of silicon nanowirfesm silane. Tin catalyst particles
were also determined to be liquid for the growtlsamples of ZnO nanostructures, as the
growth temperatures were well above even the b@king temperature of pure tin.
However, gold catalyst particles were determinebesolid for the growth of samples of
FeOy nanostructures, as the growth temperatures wetdalew the Au-Fe eutectic
temperature. Additionally, the gold catalyst paes were determined to be solid for the
growth of samples of ZnO nanostructures. Althotighgrowth temperatures were above
the Au-Zn eutectic temperature, no Zn was presetita gold to cause eutectic melting.
These results indicate that 1D nanostructures, ef/#re same material (e.g.
Zn0), can be grown from either liquid or solid ¢dgsaparticles. The catalyst particle
state depends on two factors: the growth temperaind the presence of source material
species dissolved in the catalyst particle. Ifghawvth temperature is well above the bulk
melting temperature of the catalyst, or well belbe eutectic temperature, the catalyst
will be liquid or solid, respectively. Of more @rest, is growth at temperatures above the

eutectic temperature, but below the bulk meltimggerature. In these cases, the catalyst
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particle state depends on whether or not the souaterial diffuses into the catalyst
particle, which relates to the relationship betwtentypes of bonding in the catalyst and
source material, as will be discussed further otise 5.1.3 below.

The possibility of growth from either liquid or slcatalysts indicates that the
catalyzed growth of 1D nanostructures is more Hexthan originally imagined in the
VLS mechanism. Catalyst materials do not necdgdzave to be chosen so as to allow a
liquid catalyst at the growth temperature, as feenlpostulated in the past. Growth from
a solid catalyst particle also opens up the pdgsiloif low temperature growth on

flexible substrates.

5.1.2 Diffusion Path

5.1.2.1 The Possibility of Surface Diffusion

In the conventional understanding of the VLS medrandiffusion of the source
material to the growth front occurs through theabyat particle (bulk). However, a few
studies have pointed to the possibility of surfdifision around the catalyst particle
[16, 17]. The possibility of surface diffusiontbie growth species around the catalyst
nanoparticle instead of through it, though it hasbeen extensively studied, is
reasonable. The high surface-to-volume ratio ertano-size regime causes surface
related effects to gain prominence, and surfadesidn coefficients are generally several
orders of magnitude larger than bulk diffusion ¢ioefnts, due to broken and dangling
bonds on the surface. Therefore, it is reasorthblethe catalyzed growth of 1D
nanostructures could proceed by surface diffusidhegrowth species around the

catalyst.
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Bootsma and Gassen in 1971 first raised the pdisgiti surface diffusion [1].
Experimental evidence for surface diffusion wasibin a study of the growth of Ni, Co
and Fe catalyzed carbon nanofibers [18, 19]. Thieass measured a low activation
energy, comparable to that for the diffusion ofocar on Ni and Co surfaces and much
smaller than for the diffusion of carbon throughiiNi and Co. Also, a study of
Au-catalyzed InAs/GaAs heterostructures found apshderface between InAs and
GaAs when the source material was switched duniog/ip from trimethyl indium to
triethyl gallium [20]. If growth proceeds by buskipersaturation, a region of mixed
composition should have been observed.

In addition, metal nanoparticles can have a qugsid layer (QLL) on the
surface [21, 22]. The dangling, broken bonds anstiirface and the high surface
curvature of nanoparticles weakens the surface$and causes the surface atoms to
adopt a disordered arrangement in order to recheesurface energy, with a liquid-like
structure [23]. The QLL is thicker for smaller diaters (higher curvature) and at higher
temperatures [24]. QLLs have been found to hawsually high diffusion coefficients,
to the point of approaching, or even exceedingpthik liquid diffusion coefficient at
temperatures approaching the melting point [23}e presence of such a liquid-like layer
on the surface of the catalyst particles wouldhfertfavor surface diffusion of the growth

species to the growth front.

5.1.2.2 Diffusion Rate Approximations

An order-of-magnitude comparison of the diffusiates through the bulk and

surface of a catalyst particle was made, takinigndas approach to Wang and
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Fischmann [16]. Fick’s first law of diffusion ré&s the flux,J, to the diffusion
coefficient,D, and the concentration gradientC(dx).

J:-DE
dx

The concentration gradient may be approximatedbyhange in concentration@)
divided by the distance traveledx). In order to calculate the diffusion distandes t
catalyst particle geometry may be approximated @giader of heighh and diameted,
as shown in Figure 5.1. Additionally, it is assuhtleat diffusion along the

catalyst/nanostructure interface may be treatesidace diffusion.

Figure 5.1 Schematic of nanowire geometry for diibn rate
approximations, in which the catalyst particle @frdeterd and height is
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shown in yellow, and the nanowire in light bluepwimg the surface
( xs) and bulk ( xg) diffusion paths.

If we take a growth species impinging on the ceatehe top of the catalyst particle and
diffusing to the center of the catalyst/nanowireiface, then the distances traveled for
bulk ( xg) and surface (xs) diffusion, and therefore the concentration gratiemay be

stated as follows,

dCc _ DC _DC,
dx , Dx

dc DC _ DC,

» — -

dx ¢ Dx ¢ h+d

where the subscrip andSindicate quantities for bulk and surface diffusion
respectively. Both diffusion paths have the satagiag and ending points, and so the
change in concentrationC, for both paths will be equal. Therefore the batil surface

fluxes will be as follows.

) =.p, & . DC
dx ; h
\]S:-DSE :-DS bC
dax . h+d

As the flux is simply the amount crossing a unéaaper unit time, the diffusion
rate is the flux times the area. The diffusioradi the bulk and surface paths are,
respectively, a circle with diametérand a ring with diameterand thickness From
the fluxes and diffusion areas, the ratio of thiklamd surface diffusion rateB{ and R,

respectively) may be determined.
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The second term in the above equation is a gearrfatrior depending on the
catalyst particle size and surface thickness. sbdiace thicknesses of 1-2 atomic layers,
and particle diameters and heights around 10-5Qtmengeometric factor is on the order
of 10% The surface and bulk self-diffusion coefficienfgyold at 800°C are on the order
of 10™ and 5x10“* m%s, respectively [26], which gives a surface-tokidiffusion rate
ratio on the order of 1:1 to 20:1. Diffusion coeiénts for the heterogeneous diffusion of
growth species may give an even larger ratio. Riwese approximations, it is evident
that surface diffusion should play a significaderm mass transport of growth species to

the growth front.

5.1.2.3 Implications of the Experimental Results

This research determined the diffusion path foe¢hmaterial systems: Au-
catalyzed ZnO nanostructures, Au-catalyzegdi@anowires and Au-catalyzed Si
nanowires. Results for Sn-catalyzed ZnO nanostrastwere inconclusive. For the Au-
catalyzed Si nanowires, the diffusion path wasrdateed to be through the bulk of the
catalyst, as the dissolution of Si into the Aueés@ssary for the observed eutectic
melting. However, for the Au-catalyzed ZnO and éatalyzed FgDy nanowires, the
diffusion path was determined to be along the serfa the catalyst, as the gold lattice
parameters indicated that no Zn or Fe was dissoivéte gold.

These results indicate that during the growth ofnDostructures, the source

material may diffuse either through the bulk of dagalyst particle or around the surface.
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The source material diffusion path relates to #lationship between the types of
bonding in the catalyst and source material, asbhgildiscussed further in section 5.1.3
below. In this way, the catalyst particle statd diffusion path are connected, and the

same relationships that favor solid catalyst pkasi@lso favor a surface diffusion path.

5.1.3 Effect of Relative Bonding Types

Both the question of the catalyst particle stategmperatures between the
eutectic and bulk melting temperatures) and thecgomaterial diffusion path
fundamentally come down to whether or not the seunaterial will diffuse into the
catalyst particle. From this research, it was tbtirat in the cases of Au-catalyzed ZnO
and FgOy nanostructures, the growth species did not diffogethe catalyst particle,
resulting in solid catalyst particles during grovatid a surface diffusion path of the
source material. In the case of Au-catalyzed 8bs#auctures, it was found that the
growth species did diffuse into the catalyst p&ticesulting in liquid catalyst particles
during growth and a largely bulk diffusion pathtbé source material. By comparing the
results, it may be observed that in both of the ¢tases where the growth species did not
diffuse into the catalyst particle, the source matevas ionic, and in the case where the
growth species did diffuse into the catalyst p&tithe source material was non-ionic.
This difference in bonding type of the source matenay explain the difference in the
results. As in the general chemical principle I’ dissolves like”, chemical species
will more likely dissolve in a solvent of the sailmending type. Since the catalyst
particle in all cases was metallic, the ionic growpecies (for ZnO and f&,) would be

unlikely to dissolve into the catalyst particleowkver, the non-ionic growth species (for

170



Si) would be more likely to dissolve into the cglparticle, allowing a bulk diffusion
path and causing eutectic melting of the catalgstigle.

A review of the literature offers some supporthe tmportance of bonding type
on growth. Of the studies that have reported B spectra collected in a TEM, the
presence of growth species in the catalyst partotest were grown with non-ionic
source materialR7-36]. The only exceptiofB7] was for a study that grew Au-catalyzed

indium tin oxide (ITO) nanowires from a mixtureldO and graphite. In this case, it is possible
that the graphite reduced the ionic source materiaietallic growth species, which could then

dissolve into the metallic catalyst particle.

5.2 Catalyzed Growth Mechanism
From the above discussions, new insights may deegad concerning the
catalyzed growth of 1D nanostructures, which mapioadly divided into three stages:
interaction of the source material and the catglgsticle, nucleation of the nanostructure

and further growth, as seen in Figure 5.2
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non-ionic source material ionic source material

Figure 5.2 Schematics of nucleation and growthawfawires using
metal catalyst particles from non-ionic and iorociice materials.
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The catalyst nanoparticle may be in the liquidalidsstate. The catalyst particle
state depends on two factors. The first factbingsgrowth temperature, relative to the
melting and eutectic temperatures of the catalybie second factor, for growth
temperatures between the melting and eutectic teatypes, is the interaction of the
growth species with the catalyst particle. Whendghowth species have incompatible
bonding types (such as ionic and metallic), thengiowth species will not diffuse into
the catalyst particle, and therefore eutectic mglwill not occur. Likewise, when the
bonding types are compatible, then the growth ssamiay diffuse into the catalyst
particle. The growth of nanostructures from sakthlyst particles demonstrates that a
liquid catalyst is not necessary.

The growth of nanostructures without bulk diffusimiithe growth species into
the catalyst particle indicates that growth caruod&xy a mechanism other than bulk
supersaturation and nucleation. Instead, the saidathe catalyst particle may serve as a
collection site for the growth species. The quiagiid layer on the surface may be an
ideal attachment site.

Additionally, the catalyst particle surface can\pde an interface for
heterogeneous nucleation. Growth species wiluddfon the catalyst surface until a
cluster forms, in what can be thought of as a serfpersaturation and nucleation
mechanism. When the catalyst particle is sittinqasubstrate, the nucleation will
preferentially occur at the vapor-catalyst-substraterface, in order to reduce the
interfacial and boundary energy [38]. Howeverubstrate interface is not necessary for

growth, as shown by the Sn-catalyzed ZnO nanostrest
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Once nucleated, reduction of the surface energyfavibr continued growth at
the catalyst-nanostructure interface, rather thaseation of new nanostructures.
Growth at the existing catalyst-nanostructure fiatss requires the least additional
surface, and therefore surface energy, generasaomtace diffusion will play a
significant, if not dominate, role in delivery ofayvth species to the growth front, even in
situations with compatible bonding, in which thewth species can diffuse into the bulk
of the catalyst particle. Nanostructure growthussan consistent, low index directions,
regardless of the substrate orientation, as seehuaatalyzed Fg, nanostructures
grown onc- anda-plane sapphire substrates, and is likely govelyekinetics.
However, alignment of the nanostructures stronglysshds on the orientation of the
substrate, again as seen for Au-catalyze®f-ranostructures grown an anda-plane

sapphire substrates.
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CHAPTER 6

SUMMARY AND FUTURE W ORK

6.1 Summary

The catalyzed growth of 1D nanostructures was iiy&ted by characterizing
samples grown in four material systems: Au-catdyZnO nanostructures, Sn-catalyzed
ZnO nanostructures, Au-catalyzed®gnanostructures and Au-catalyzed Si
nanostructures. Of primary interest was the beiranfithe catalyst during growth,
especially the catalyst particle state and thaugiéin path of growth species to the growth
front. The types of information collected incluckystallographic orientation, catalyst
lattice parameter, and high temperature X-ray alition. The purpose of this section is

to summarize the main experimental results.

6.1.1 Au-Catalyzed ZnO Nanostructures

Vertically aligned, Au-catalyzed ZnO nanorods wgrewn onc-plane AlGaN in
a tube furnace from the vaporization of a ZnO seurthe crystallographic orientation
and interfacial relationships were investigatechwéxture analysis. It was found that in
the interfaces, the various phases took orientatizth hexagonal or pseudo-hexagonal
symmetry, generally with low lattice mismatchesnadysis of the gold lattice parameter
showed, through a Vegard’s law relationship, tleaZn was present in the gold,
indicating that the growth species diffusion patisvaround the surface of the catalyst
particle, rather than through the bulk. This realdo suggested that the gold catalyst

particles were in the solid state during growthjclitwas supported by high temperature
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XRD data showing that the gold catalyst particlesrbt melt on reheating, even up to

temperatures above the growth temperature.

6.1.2 Sn-Catalyzed ZnO Nanostructures

Sn-catalyzed ZnO nanostructures were grown in @ tutmace from the
vaporization of a mixed Sn@atalyst and ZnO source. Analysis of the tindatt
parameter initially suggested, through a Vegarals flelationship, that no Zn was present
in the tin. However, the range of error in thei¢at parameter correlated with
compositions greater than the maximum solid salytmlf Zn in Sn. Therefore, no
conclusions could be drawn concerning the presehZe in the tin. Regardless, the
catalyst particles were likely liquid during growdk the growth temperature was much

greater than the bulk melting temperature of pure t

6.1.3 Au-Catalyzed FgOy Nanostructures

Vertically and in-plane aligned, Au-catalyzed,Ggnanorods were grown @n
anda-plane sapphire substrates, respectively, in afiulb@ce from the laser ablation of
a FeO, source. The crystallographic orientation andrfateal relationships were
investigated with texture analysis. It was fouhattin the interfaces, the various phases
took orientations with hexagonal or pseudo-hexabsyrametry, generally with low
lattice mismatches, for the sample grown anpane substrate. For the sample grown
on ana-plane substrate, the orientation of the@znanostructures matched that of the
substrate, while the Au nanoparticles took a {1adigntation, as for the-plane
substrate. Analysis of the gold lattice paramskawed, through a Vegard’s law
relationship, that no Fe was present in the goldicating that the growth species

diffusion path was around the surface of the catgarticle, rather than through the
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bulk. Regardless, the catalyst particles werdylikelid during growth as the growth

temperature was much lower than the Au-Fe euteatiperature.

6.1.4 Au-Catalyzed Si Nanostructures

Au-catalyzed Si nanowires were grown in a diffracéder furnace from the
decomposition of a Sirsource.In-situ XRD data collected during nanowire growth
showed that the gold catalyst particle melted uperaddition of silane to the furnace
chamber, staying molten during growth. These tesntlicated that the Si growth
species was diffusing into the Au catalyst partiodnalysis of the gold lattice parameter
after growth showed, through a Vegard’s law relatop, that no Si was present in the
gold at that time. The Si likely precipitates ofithe gold when it solidifies upon
cooling, which was supported by the observatioa,NEM, of an amorphous layer

around the catalyst particles.

6.1.5 Conclusions

From the results summarized above, new insightstive catalyzed growth of 1D
nanostructures could be drawn. Nanostructure drolees not require a liquid catalyst,
as 1D nanostructures were grown from both liquid-¢atalyzed Si and Sn-catalyzed
ZnO nanostructures )and solid (Au-catalyzed ZnO &0, nanostructures) catalyst
particles. Nucleation can occur by a surface sgtaration process, and does not require
bulk supersaturation, as evidenced by the lack@i/th species in the catalyst particles
for Au-catalyzed ZnO and K@, nanostructures. In addition, surface diffusioawdtl be
a significant component of the mass transport ofwjn species to the growth front, even
in cases where the growth species will diffuse theobulk of the catalyst particle.

Finally, the types of bonding in the source materral catalyst particle significantly
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affect the behavior of the catalyst during grow8imilar bonding types allow the
diffusion of the growth species into the bulk o tbatalyst particle, while dissimilar
bonding types prevent such diffusion, restricting growth species to surface diffusion
around the catalyst particle.

These findings have important implications towdrel $ynthesis of 1D
nanostructures for technologically important apgtiiens. A better understanding of the
synthesis mechanism allows better control. Formgta, knowledge of the importance of
the source material and catalyst bonding type althe informed choice of appropriate
source materials and catalysts. The ability tangt® nanostructures with solid catalysts
opens up the possibility of low temperature groashpolymer substrates, for flexible
devices. These finding can aid the utilizatiori Bfnanostructures fof"2generation,
active nanotechnology applications, in chemicaksey optical, photovoltaic, energy

generation and other areas.

6.2 Future Work

This research suggests several areas of furtheiryngThe ability to monitor the
growth of Si nanowirem-situ during growth using X-ray diffraction allows an
investigation of the kinetics of the reaction. mpnitoring the size of the Si peaks as a
function of time, the growth of the silicon nanogsrmay be tracked, and reaction rate
information obtained. Indeed, preliminary worktimis area has shown the feasibility of
this approach, as seen in Figure 6.1. Comparistmeaesults at 700 and 800°C
indicates that while growth at 800°C is initiallyigker, it is overtaken by the growth at
700°C after approximately 10-15 minutes. Furthgestigation at other temperatures

may elucidate the reason for this effect, as wehllbow calculation of the activation
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energy, which can give information about the rateting step for growth. Additionally,
in-situ XRD allows an investigation of the catalyst pdetilattice parameter during
growth. Monitoring the lattice parameter during\gth would give information about

the diffusion of growth species among other infatiora

Figure 6.1 Kinetic analysis of the growth of Au-algzed Si
nanowires at 700 and 800°C. The inset showintiséu XRD data
collected at 700°C.

Another potential direction of further research Vaoloe to chase the low
temperature growth of 1D nanostructures. Redudfdhe growth temperatures below
around 400°C would allow growth on thermally remmtpolymers, such as polyimide.
Applying the results of the current research méywablesign of a process and materials
selection than can achieve growth below around@0@ther possibly fruitful areas of
research include investigation of the growth ofestructures of 11l-V semiconductors,
which are used for electronics applications, amdctiitalyzed 1D nanostructure growth
by metal-organic chemical vapor deposition (MOCVDhe complication of introducing
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the growth species in the form a metal-organic desnmay affect the growth

mechanism.
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APPENDIX A
Pole Figures for Vertically-Aligned, Au-Catalyzed@ Nanorods
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Texture data were collected on a sample of Au-ga¢al, vertically-aligned ZnO

nanorods, as outlined in section 3.2.2.3. Textlata were collected on the following

reflections: {111}, {200}, {220} and {311} for theAu catalyst particles; {1@},
{10 2}, {10 3} and {11 0} for the ZnO nanorods; {10}, {10 2} and {10 3} for the

AlosGaysN layer; and {100}, (0002), {101} and {10 2} for the AIN layer. These pole

figures are presented below.
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Figure A.1  (0002) pole figure for the AIN layer.

187



Figure A.2  (102) pole figure for the AIN layer.
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Figure A.3  (100) pole figure for the AIN layer.
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Figure A.4  (101) pole figure for the AIN layer.
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Figure A.5  (100) pole figure for AlGaN layer.
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Figure A.6  (103) pole figure for the AlGaN layer.
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Figure A.7  (102) pole figure for the AlGaN layer.
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Figure A.8  (100) pole figure for the ZnO nanorods.
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Figure A.9  (110) pole figure for ZnO nanorods.
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Figure A.10 (103) pole figure for the ZnO nanorods.
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Figure A.11 (102) pole figure for the ZnO nanorods.
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Figure A.12 (111) pole figure for the Au catalystriicles.
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Figure A.13 (220) pole figure for the Au catalysriicles.
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Figure A.14 (311) pole figure for the Au catalysriicles.
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Figure A.15 (200) pole figure for the Au catalystticles.
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APPENDIX B
Pole Figures for Vertically-Aligned, Au-Catalyzed,B, Nanowires

202



Texture data were collected on a sample of Au-ga¢al, vertically-aligned R®y

nanowires, as outlined in section 3.4.2.1.2. Textlata were collected on the following
reflections: {111} and {200} for the Au catalysagicles; {104}, {11 3} and {02 4}
for the hematite (F©3) phase; and {111}, {220} and {311} for the magrtet{FgO,)
phase. The Au {111}, ®; {02 4} and FgO, {311} pole figures are presented in

section 3.4.2.1.2. The other pole figures aregees below.

203



Figure B.1  (200) pole figure for the Au catalysttpdes.
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Figure B.2  (104) pole figure for the R©; phase.
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Figure B.3  (113) pole figure for the R©; phase.
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Figure B.4  (111) pole figure for the & phase.
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Figure B.5  (220) pole figure for the & phase.
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