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ABSTRACT OF THE DISSERTATION 
 

Nanostructured Magnetic Materials 

 

by 

 

Keith T. Chan 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California, San Diego, 2011 

 

Professor Eric E. Fullerton, Chair 

 

  

A series of four distinct growth phases of nanostructured Ni have been 

demonstrated in a chemical vapor deposition process. Controlled isolation of these four 

distinct growth phases has been made possible through a thorough understanding of the 

relevant growth mechanisms and the corresponding experimental growth parameters. The 

growth phases include core-shell structured Ni-NiO nanowires, horizontally oriented 

nanowires, vertically oriented nanowires, and fully isometric cubic crystals of Ni all 

obtained upon an amorphous SiO2||Si growth substrate from a single metal-halide 

precursor.  

Transmission electron microscopy indicates the horizontally- and vertically-

oriented nanowire products to be high quality single-crystals with a preferred growth axis 



 

xii 

 

along the <001> direction while the Ni-NiO core-shell nanowires are polycrystalline 

metal at the center and surrounded by an outer oxide. The differing crystal structures are 

reflected in the magnetic response of each NW type as evidenced by magntoresistance 

measurements.  

The general mechanism responsible for achievement of vertically oriented Ni 

nanowires involves the introduction of trace Si amounts prior to appreciable Ni 

deposition. Evidence suggests the Si acts as a sink for Ni adatoms upon the substrate 

surface and in turn dictates a single point with high Ni crystallization rate. When crystal 

growth is mediated by the Si/Ni system and proceeds at an adequate rate such a site 

becomes the source of growth anisotropy resulting in high aspect ratio nanowire 

structures. As growth parameters are tuned to alter behavior such as adatom flux, 

diffusion length, and arrival order transitions in the overall growth behavior take place. In 

this way the four growth phases outlined above can be obtained in isolation of one 

another. Detailed discussion of the formation mechanisms leading to each of the four 

nanostructured Ni products is presented. 

A general application of this non-epitaxial approach to forming metallic 

nanostructures of other transition-metals is possible since the mechanisms and processes 

discussed are generic and not material specific. The chemical vapor deposition of CoxNiy 

alloy nanowires, as well as CrxSiy nanowires with a vertical orientation will be presented 

as both a confirmation of the general nanowire formation mechanism proposed and also 

as a demonstration of the flexibility of the technique.  



 

1 

 

Chapter 1 

 

Introduction 

 

The bulk of this work was conducted under the vaguest of mandates, “work hard 

and do something interesting.” With no place in particular to go the journey was set to 

begin, free and easy wandering through the sometimes lush and often infertile landscape 

of science. To do “something interesting” rather than something useful, something 

relevant was never an indication of any sort of detachment from reality on the part of 

those involved with this work. It was instead a reflection of a profound belief in that yet 

to be discovered. The knowledge possessed by any one of us, though great in some cases, 

is most definitely finite. What we do not know and cannot predict, on the other hand, is 

limitless. 

 

1.1 Background and Motivation 

 

As technology evolves continued progress and gains in performance are driven by 

a number of very wide ranging approaches. Among the most fundamental of these 

approaches is research and engineering concerning the core materials used in any 

application. With fabrication techniques allowing ever smaller devices, future generation 

materials that go into these devices must be understood and controlled at a corresponding 

size scale 
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Among materials dealt with at the nanometer scale, nanowires have been looked 

to with substantial interest in recent years as a potential material to enable a new wave of 

technological innovation. Nanowires are materials with a high length to diameter ratio 

where the diameter is typically below several hundred nanometers and can be as small as 

just several nanometers. Their particular high aspect ratio and morphological form 

deviates significantly from the thin film materials currently used in conventional device 

fabrication. With nanowire materials there is thus the possibility of fabricating 

heterostructured devices in unconventional ways which would allow greater degrees of 

freedom in design and could potentially lead to improved performance. In addition to 

their unique structure, nanowire materials also have a high surface area to volume ratio. 

In applications where the surface of the material is utilized such a property would be 

advantageous. Examples of applications making use of the increased surface area include 

the use of nanowires as sensors or playing a catalytic role.  

 

Long before the surge of interest in nanotubes, nanowires, and similar materials in 

the mid and late 1990s, there was an already established body of work concerning 

whisker materials. Since the current work was to be conducted in a magnetic materials 

group within the Center for Magnetic Recording Research under the supervision of a man 

who had spent 20 years in the magnetic recording industry, there was a certain preference 

for magnetic materials. It turns out that the recent surge of interest in high anisotropy 

materials at the nanoscale was largely focused on semiconducting materials. Conversely, 

transition metals of the magnetic variety had received little attention in comparison to 
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their semiconducting brethren during the nanowire boom of the past decade. An amount 

of electrodeposition work had been reported, but the type of growth studies found in 

metal-organic chemical vapor deposition of III-V compound nanowires, for example, was 

really not there. The closest thing available dates back to the whisker work of the 1950s 

and „60s, but micron sized Fe, Co, and Ni whiskers that sprang up like weeds were not 

the most desirable from a technological standpoint. There was, however, a pretty good 

reason why the early whisker work involved micron sized crystals, anything smaller 

would have been nearly impossible to handle at the time. After all, that was the era of 

micro- rather than nanofabrication. There was little reason, either theoretically or 

experimentally, why the early whisker work could not be revisited at the nanoscale. And 

once at the nanoscale, what then? Controlled pitch, diameter, and orientation? Controlled 

transitions between distinct growth phases? No good reasons why not came to mind and 

here we are. The growth, characterization, and applications of nanostructured magnetic 

materials presented here will be new, interesting, and someday maybe even useful.  

 

1.2 The Natural Mineral Analogy 

 

 “If one could understand enough about the morphology of crystals, he understood 

essential points of the fundamentals of crystal growth.”     -Sir Charles Frank 

 

The synthesis aspect of materials science, covering a range of products from thin 

films to bulk crystals and everything in between, is often thought to blur the lines 

between science, art, and luck. Traditional thought suggests the scientist to be largely a 
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sort of craftsman, a person of technical detail, precise planning, and disciplined 

execution. The artist, on the other hand, is supposed to shun all things conventional, 

regarding lightly the established boundaries of thought. Throw into this mix a touch of 

luck, that bit of inspiration leading to a Eureka! moment and it becomes the tried and true 

tale of scientific breakthrough (think Newton‟s falling apple). So often the task of 

synthesizing advanced materials, however, is more akin to working through some 

Where‟s Waldo book and necessarily involves all the intrinsic tedium the task entails. To 

have some perfect plan that is thought out to the tiniest of details and subsequently 

carried out to perfection would be wonderful, but the reality essentially consists of a 

series of dead ends in some form or another. But, even through the harshest throes of 

desperation there is always something there providing a vague sense of hope, whether in 

actuality it is real or imagined. And armed with this defiant spirit the walk through a 

maze that is materials growth becomes instead the pursuit of an unraveling mystery. Each 

dead end a clue to be analyzed, each failure a revelation yielding some precious bit of 

information. In this spirit we first take a look at the analysis of natural mineral formation, 

in many ways the forerunner of modern materials science. 

 

Naturally occurring crystals come to be through processes that are most often 

uncontrolled and ever-changing in exceptionally complicated systems with significant 

amounts of impurities and foreign materials. Additionally, the process of mineral 

formation in nature can take place over time scales and in locations that make in-situ 

observation a rarely accessible commodity. Instead, the route to understanding the 

mechanisms responsible for a particular mineral specimen‟s final form must be 
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deciphered from the final product. By analyzing the observable morphological features 

and establishing their relationship to the effects of internal influences (such as lattice 

structure) and external influences (including growth and dissolution parameters), the 

history of nucleation, growth, and post-growth can be revealed.  

 

A good starting place when analyzing mineral morphology is the surface, for a 

fully formed mineral this is what would have been the interface between a growing 

crystal and the growth medium from which contributing material would have been 

attained. Immediately, two distinctions can be made by simply noting whether the surface 

is smooth or rough. A rough surface would suggest an adhesive mode of material 

incorporation in which adatoms were not allowed to settle into ordered positions on the 

crystal surface before being permanently incorporated. A smooth surface would instead 

indicate the opposite case where adatoms were allowed to settle into a well formed, 

ordered array.  

 

A rough surface would be the result of an adhesive growth process, whereas 2-

dimensional nucleation growth would be responsible for a smooth surface. The difference 

between a rough surface and a smooth one could be the result of differing 

crystallographic orientation, but assuming an identical crystallographic plane is exposed 

then in relation to the growth medium, adhesive growth is associated with a high energy 

situation involving parameters such as high temperature, high concentration, and high 

flux of material making its way to the surface of the growing crystal. Below a certain 

temperature and driving force, growth will proceed beneath the roughening transition 
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threshold and 2D growth will dominate. Here, the growth medium is more dilute and 

incorporation time for mobile adatoms is substantially longer. Commonly associated with 

adhesive growth is a rounded shape in the resulting crystal that possesses bounding 

interfaces lacking in clear faceting and definition. In contrast 2D growth occurs 

tangentially parallel to the crystal surface and results in a well defined polyhedral form 

with flat bounding faces. 

 

As an example, gem quality diamonds are probably the most readily thought of 

crystals in the world and are bounded by smooth faces with well-defined faceting even 

before cleaving and polishing while still in their as-grown state. These crystals are the 

result of a growth process taking place in a free flowing fluid, specifically magma. Since 

this magma is typically in the temperature range from 700 °C to 1300 °C and is a 

relatively low carbon concentration medium it can be considered an overall low driving 

force ambient. Poorly defined diamonds with more of a cuboid shape that are not of gem 

quality are often the result of growth occurring within high pressure metamorphic rock. 

These diamond growth sites are comprised mainly of silicate containing pockets of 

organic carbon which form a eutectic system that serves as the liquid medium for 

diamond growth. Due to the high concentration of available carbon, the driving force is 

substantially higher and in turn leads to the rough surface and poorly defined interfaces of 

these cuboid diamonds.  

 

A further example that can be given involves the exact color of a diamond. A 

crystal that is composed purely of carbon will be perfectly devoid of coloring. However, 
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various colors are often observed in diamonds including yellow and blue to various 

degrees. A yellowish hue can often be traced to will dispersed nitrogen impurities, while 

a bluish hue is caused by boron doping. The conclusion can be reached that the growth of 

these types of diamond must have taken place in nitrogen and boron rich environments, 

respectively. Here, again, is an example of a crystals final form revealing details of its 

growth process. 
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Chapter 2 

 

Outline of the Dissertation 

 

Each chapter of this dissertation will begin with a brief introduction to the 

sections of the respective chapter which will serve to illustrate the pertinence of the 

included information in relation to the dissertation as a whole. Organization of content 

into individual chapters is based on conceptual coherence as is the ordering of the 

chapters.  

 

The third chapter, Deposition and Characterization Techniques, marks the 

beginning of the main body of the dissertation and serves as an overview of the most 

relevant experimental techniques used in this work. A chapter on Materials Growth 

follows with an overview of key concepts that are necessary in understanding the aspects 

of materials deposition discussed (for both chemical vapor deposition and sputter 

deposition). Original work begins in the fifth chapter, Nanowire Growth, which covers 

the mechanisms and corresponding experimental conditions of Ni nanostructure growth 

phase transitions. Also included in Nanowire Growth are relevant sections concerning 

specific processes within the nanowire growth process as a whole, structural 

characterization of the nanowire products, and application of the growth process to other 

materials systems. An in-depth look at the magnetic properties of the Ni nanowire 

products will be contained in the sixth chapter, Magnetic Properties. Next is the
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Nanowire Applications chapter which focuses primarily on the use of Ni nanowires in the 

fabrication of a spin-valve device. The eighth and final Conclusion chapter will 

summarize the key results of this work and discuss the impact and future directions.   
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Chapter 3 

 

Deposition and Characterization Techniques 

 

The four Ni nanostructures, which include three nanowire growth phases, were 

produced in a chemical vapor deposition system. Since it is the primary technique 

employed here, various aspects of chemical vapor deposition will be discussed in detail. 

Sputter deposition was used to fabricate the heterostructured nanowire spin valve, as well 

as to create contacts to the nanowires and nanowire based devices for electrical transport 

measurements. Patterning of electrical contacts to the nanowires and nanowire based 

devices was done using photolithography. The final section discusses diffraction, both x-

ray and electron, which was the main structural characterization technique of the Ni 

nanowires. 

 

3.1 Chemical Vapor Deposition 

 

In materials science, chemical vapor deposition (CVD) is a particularly fitting 

technique due to its intrinsically multi-disciplinary nature. A typical CVD process will 

involve aspects of thermodynamics, fluid dynamics, chemistry, and kinetics, among other 

disciplines of study. As a means to materials synthesis, CVD is exceptionally wide 

ranging in both the parameters affecting growth and the types of resulting products that 

can be achieved
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Thermodynamics 

 

Most generally, the question of whether or not a certain CVD reaction will 

proceed in the desired manner is dictated by the energy involved and whether it will be 

minimized or not. For starting reactants with free energy of formation ∆Greactant and 

resulting products with free energy of formation ∆Gproduct, the net change in energy for 

the reaction (∆Greaction) needs to be negative 

 

∆Greaction = ∑∆Gproduct - ∑∆Greactant < 0 

 

The free energy of formation is dependent on the particular atoms involved and the bonds 

formed and broken between them and the molar ratio of the participating 

atoms/molecules, as well as the temperature and pressure at which the entire process 

takes place.  

 

Mass Transport 

 

As an outline, the CVD process involves a sequence of steps as material 

approaches the growth substrate, reacts upon the substrate surface, and subsequently 

departs. First is the arrival of the reactant species in the vapor phase, often times mixed 

into an inert carrier gas, through forced flow and, in some cases, temperature or pressure 

gradient driven diffusion. As the gaseous mixture flows across a solid surface there is a 
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boundary layer directly over the surface through which the reactants will diffuse. 

Following diffusion through the boundary layer, adsorption onto the surface takes place 

and reactions occur on this solid surface. Next, any reaction by-products and other 

escaping atoms/molecules will desorb from the surface and diffuse back through the 

boundary layer where it will then be carried off with the main stream of flow outside the 

boundary layer. The solid surface discussed here can be any surface over which the 

reactants flow, including the reaction chamber walls and intentionally positioned growth 

substrates. 

 

Fluid flow through a CVD reaction chamber can be characterized by the Reynolds 

number (Re), a dimensionless parameter given by 

 

Re = ρmass ρflow / μviscosity 

 

where ρmass is the mass density of the fluid, ρflow the flow density, and μviscosity the 

viscosity. In the majority of instances of CVD growth the Reynolds number will be 

indicative of laminar flow through the reaction chamber and in the absence of obstacles 

or rapid temperature gradients, etc. a state of laminar flow is often the default scenario 

assumed. 

 

A consequence of laminar flow is the existence of a boundary layer. Far from a 

surface, either the chamber walls or the substrate, the flow of the reactant fluid will 

proceed at a certain intentional velocity. At the surface/fluid interface, however, the 
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velocity of fluid flow will be zero. The transition region between the point of full velocity 

fluid flow and zero flow is termed the boundary layer. At the initial meeting of flowing 

fluid and surface, the width of the boundary layer is small and it will increase to a stable 

size in the downstream direction, assuming continuity of all relevant factors. Since the 

reactants need to diffuse through this boundary layer, its thickness (∆boundary) is of 

importance and can be estimated simply using 

 

∆boundary = (x / Re)
1/2

  

 

with x being the downstream distance from the initial meeting point of flowing fluid and 

surface.  

 

Next, consideration of the relative rates at which reactants diffuse through the 

boundary layer and react upon a solid surface becomes important. In one case diffusion 

across the boundary layer occurs at a more rapid rate than the various surface reactions. 

Often, this scenario involves lower temperature, lower pressure, and higher fluid velocity 

within the reaction chamber, a direct consequence of which are higher coefficients of 

diffusion and a narrower boundary layer. The opposite case in which the temperature and 

pressure are higher and fluid velocity is lower typically will result in a wider boundary 

layer and slow diffusion through this layer. At higher temperatures the thermal gradient 

between the reaction chamber wall and the center of the chamber is much steeper leading 

to an increase of competing convection effects. Surface reactions are then no longer a 

limiting factor and the growth process becomes dependent upon the availability of 
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reactants. As an example, a CVD system operating at atmospheric pressure would be 

considered high pressure and likely will fall into the second scenario of slow diffusion. 

 

Chemistry 

 

Thermal decomposition reactions are among the most fundamental in the CVD of 

materials and involve the splitting of molecules into their constituent atoms or more 

elementary molecules by supplying an adequate amount of heat to overcome bonding. 

Examples of simple thermal decomposition include the release of C from CH4 in 

diamond and graphite production (hydrocarbon decomposition) 

 

CH4 (g) → C(s) + 2H2(g) 

 

and the deposition of Ni from Ni(CO)4 (carbonyl decomposition) 

 

Ni(CO)4(g) → Ni(s) + 4CO(g) 

 

A second route to breaking down a starting molecule is through reduction, the gain of 

electrons leading to a lower oxidation state. In many cases, hydrogen reduction is used, 

such as in the hydrogen reduction of halide compounds 

 

SiCl4(g) + 2H2(g) → Si(s) + 4HCl(g) 
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Generally, the use of hydrogen reduction will allow decomposition to take place at a 

lower temperature in comparison to thermal decomposition. Commonly, hydrogen 

reduction in CVD processes is used on transition metal-halides in the deposition of such 

metals as tantalum and chromium. Group Vb (V, Nb, Ta) and VIb (Cr, Mo, W) metals 

typically form more volatile halide compounds and lend themselves well to hydrogen 

reduction, whereas IVb metals (Ti, Zr, Hf) form highly stable metal-halides which are 

less conducive to CVD growth. Additional reaction types utilized in CVD also include 

oxidation, hydrolysis, carbidization, and nitridation. 

 

Optimization of a CVD process requires not only the choice of reaction type, but 

also the specific precursor used. The requirements of a precursor are that it must be stable 

outside the reaction temperature, is limited in the number and degree of unwanted 

auxiliary reactions, is sufficiently volatile, and is readily available in high purity. 

Compound groups often used in CVD include hydrides, carbonyls, and halides, which are 

the focus of the work presented here. A halide is a binary compound consisting of a 

halogen (group VIIa) and a more electropositive element. The halogens fluorine, 

chlorine, bromine, and iodine are all reactive and lend themselves well to halogenation. 

Cobalt and chlorine, for example, can combine form a halide in the following ways 

 

Co(s) + Cl2(g) → CoCl2(s)  

Co(OH)2(s) + 2HCl(l) → CoCl2*6H2O(s)   

 



16 

 

  

The hydrated form is more stable as anhydrous cobalt chloride will heavily absorb 

moisture. 

 

3.2 Sputter Deposition  

 

Sputtering is a thin film deposition technique which is essentially an etching 

process, an atomic game of pool as described by some. A target of the material to be 

deposited is bombarded by high energy ions which then transfer their momentum to the 

target. The momentum from an incident ion is enough to detach atoms from the target 

and eject them outwards. This ejected material, which usually has insufficient energy to 

initiate a second ejection process, is then captured on a substrate surface thus forming a 

film of material. 

 

DC Sputtering 

 

In the case of DC sputtering the target and substrate are positioned as opposite 

electrodes between which there resides an inert gas, commonly argon. When an electric 

field is applied, free electrons are accelerated towards the cathode and collide with the 

argon present en route. Upon collision the neutral argon atoms become positively ionized 

releasing additional electrons which feed the flow of accelerated electrons helping to 

maintain a continuous process. Once positively charged, the ions accelerate towards the 

anode, which is the sputtering target. A transfer of momentum from the incident ions to  
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Figure 3.1.1 – Tube furnace chemical vapor deposition setup. 
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Figure 3.1.2 – Deposition process within the furnace. 
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the surface atoms of the target is enough to overcome the binding energy leading to the 

ejection of these surface atoms which then travel outward from the target. Capture of the 

ejected material is usually done at the cathode location due to the highest flux and 

greatest degree of uniformity of the atoms arriving at that location. 

The yield of atoms sputtered in this way depends directly on the flux and energy of the 

bombarding ions. Below an accelerating energy of ~20eV the sputtering yield will be 

more or less negligible so any deposition needs to be performed above this threshold. 

Above several tens of keV, however, the accelerated ions will tend to penetrate into the 

target and the result is ion implantation rather than sputtering. Between these two limits is 

where sputter deposition usually takes place with the deposition yield increasing nearly 

monotonically up to ~1keV. Corresponding DC voltages typically used range from 

hundreds to the low thousands of volts and the ion fluxes are on the order of a tenth of a 

mA/cm
2
 which results in film deposition rates near one Å/sec.    

 

Since the sputtering yield depends directly on the density of ions in the plasma 

available to bombard the target, recombination of ions with electrons becomes a major 

issue. Limitations in the number of free electrons in turn limits the ionization of the inert 

gas and the ability to eject atoms from the target. As a means to locally maintain a high 

density of free electrons a magnetic field surrounding the target is used, the result of 

which is both higher free electron density and the creation of ions at the most relevant 

location. A magnetic field (B) will create a force (F) on an electron of velocity v and 

charge e with the force acting in a direction orthogonal to both the field and velocity 

vector directions, this magnetic portion of the Lorentz force is given by 
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F = e (v x B)  

 

The closed field loops created by placing permanent magnets directly behind the target 

lead to electron motion resembling that of an epicycloid (hopping) upon the target 

surface. Resulting ion fluxes with the aid of magnetic confinement is increased to values 

in the range of several tens of mA/cm
2
 and the achievement of corresponding higher 

deposition rates.  

 

RF Sputtering 

 

The case of applying a DC voltage to drive the plasma just described requires the 

target material to be conductive. For an application of 1000 V the ion flux will be near 1 

mA/cm
2
 which requires the target resistance to be within the range of 1MΩ/cm

2
. From 

this it can be seen that metals and some semiconductors are viable options for DC 

sputtering, but higher resistance materials and all insulators will not work. A negative 

potential applied to an insulating target will allow an incident flux of ions for a period of 

time, but charging will occur leading eventually to the creation of a positive terminal 

which will then repel the positively charged ions. With the application of an AC potential 

rather than DC, the target will be met with an incoming flux of positive ions (leading to 

positive charging) followed by electrons (which will neutralize the charged target), and 

so forth. While the electrons have low enough mass to follow the oscillations of the AC 

potential, the much larger ions cannot follow the rate of change and will be driven instead 
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by the potential difference between terminals. AC voltages in the megahertz range are 

required for the process to be carried out successfully with 13.56 MHz most commonly 

used since it is the frequency set by the FCC for this purpose (the megahertz range is also 

radio frequency and interference prevention is required). 

 

3.3 Photolithography 

 

One of the foundations of modern electronics, photolithography provides a means 

to fabricate nanoscale devices in an economical, high-throughput manner. The process is 

based on a photosensitive and acid-resistant medium for pattern transfer known as a 

photoresist. A coating of the photoresist is applied to a thin film material which is then 

placed under a mask containing the desired pattern. The mask/photoresist/film is then 

exposed to an appropriate wavelength light source to selectively break (or form) polymer 

crosslinks within the photoresist. The photoresist/film is then put into a developing 

solution where the exposed (or unexposed) portions are washed away, thus transferring 

the desired pattern from mask to film.  

 

The requirements of the photoresist are that it must be able to form a uniform 

coating of desired thickness, adhere well to the film or wafer surface, allow for adequate 

feature size resolution, and be able to withstand etching and metallization processes. A  
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Figure 3.2.1 – Schematic of a sputter deposition system. 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

  

polymer containing a photo-active compound is dissolved into a solvent to form the 

photoresist.  

 

Upon photon absorption by a photoresist molecule, electrons will be excited from 

a singlet ground state to higher energy level. A second transition, an intersystem crossing 

to the corresponding lower energy triplet state, results in the release of energy that will go 

towards a photochemical reaction. The initial amount of energy, E, carried by an incident 

photon is given by  

 

E = h c / λ      

 

where h is Planck‟s constant, c the speed of light, and λ the wavelength. The activation 

energy range for typical photochemical reactions lies in the range ~0.43-4.33 eV. The 

intensity of absorbed light, ∆I, is dependent upon the intensity of the incident light (I0), 

the absorption coefficient (α, which is photoresist and exposing light dependent), the 

density of absorbing molecules per volume I, and the thickness of the absorbing 

photoresist (dx). 

 

∆I = I0 α C dx  

 

As an example, diazonaphthoquinone and novolac (DNQ) resin based positive 

photoresists have dominated much of the market since the early 1970s. This particular 

photoresist was designed for use with mercury vapor lamps which output light at the G-, 

http://en.wikipedia.org/wiki/Diazonaphthoquinone
http://en.wikipedia.org/wiki/Novolac
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H-, and I-lines (436 nm, 405 nm, and 365 nm) which would introduce a photon energy 

>2.84 eV to the photoresist. Initially, the novolak does not crosslink but will do so 

following a process initiated by photoactivation. 

 

3.4 Diffraction 

 

Diffraction of x-rays or electrons from a crystal lattice is the primary technique 

used in characterization of a materials crystal structure. When a beam of in-phase 

electromagnetic waves encounters the crystal lattice there will be scattering in all 

directions upon collision with an atom. Considering two adjacent planes of atoms parallel 

to one another, the path difference between waves before being scattered from the two 

planes will be d sinθ, where d is the spacing between the planes and θ the incident angle 

relative to the plane surface. After scattering, the exiting waves will be further separated 

by a distance d sinθ. Since the scattered waves are initially in-phase constructive 

interference occurs when the path difference following scattering is an integer multiple of 

the wavelength, which leads to the Bragg diffraction condition nλ = 2dsinθ. 

 

The value of sinθ has a maximum value of 1 leading to the requirement that λ < 

2d for the Bragg condition to be met. Transition-metals have a typical lattice constant 

near 4 angstroms while x-rays used in diffraction have a typical wavelength of λ ≈ 1.54 

angstroms and electrons at an accelerating voltage of 200kV (common for TEM systems) 

have λ ≈ 0.025 angstroms making both x-rays and electrons well suited to 

crystallography. 
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Two common experimental configurations for diffraction are the Bragg-

Brentano/θ-2θ setup for x-rays and selected area electron diffraction (SAED) in TEM 

systems. In the θ-2θ setup the x-ray source is typically immobile while the sample is 

rotated about a fixed axis. The angle of the sample‟s rotation (θ) is taken as the deviation 

from the x-ray source line of sight. The detector is positioned opposite and symmetric to 

the source and is rotated about the sample to an angle of 2θ, again relative to the line of 

incoming x-rays. SAED involves transmitted rather than reflected waves and has the 

electron source, sample, and detector all positioned in line. On the detector surface 

constructive interference is detected some distance A from a center point corresponding 

to the electron source beam. Unlike the θ-2θ x-ray setup which only picks up a portion of 

the scattered waves at any instant, the SAED setup can detect the full cone drawn out by 

the diffracted electrons. Distance from sample to detector is set and must be known in 

order for quantitative conclusions about the sample lattice spacing to be drawn using the 

relationship tanθ = A/B. The angle θ describes the deviation of the diffracted electrons 

from the source. By comparison with the Bragg condition, the parameters A and B can be 

related to 1/d and 1/λ, respectively.   
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Figure 3.4.1 – X-ray diffraction Bragg-Brentano (theta-2theta) setup. 
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Figure 3.4.2 – Rocking curve on fully epitaxial thin film. 
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Figure 3.4.2 – Rocking curve on textured thin film. 
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Chapter 4 

 

Materials Growth 

 

The first four sections of this chapter discuss key aspects in materials growth with 

an emphasis on the case of crystal growth from the vapor. Thin film growth from vapor is 

a closely related process with many analogues to the deposition of Ni nanostructures 

using chemical vapor deposition. At the heart of crystal growth is the notion of driving 

force, an overall measure of the tendency for crystal growth to occur in a particular 

system. When the vapor phase species reach the growth surface their behavior and 

activity will determine the nature of the materials deposited, growth surfaces and 

adsorption and desorption will be discussed. An understanding of thin film growth is 

needed when discussing the deposition of spin valve structures about a nanowire and also 

as a process analogous to nanowire growth from the vapor. 

 

4.1 Driving Force and Rate Determination 

 

Being a thermodynamic process, the fundamental requirement for a crystal to 

grow involves a decrease in the free energy of the system. Should there be a drop in the 

overall free energy of the system associated with the formation of a crystal an increase in 

the likelihood of this event will occur. For nucleation and growth of a crystal, it is more 

convenient to translate this change in free energy in terms of the chemical potential (µ),
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 which is the change in energy (G) associated with the introduction of a particle (N, 

which can be an atom, molecule, or cluster of these) at constant temperature/entropy (T) 

and pressure/volume (P): 

 

µi = (∂G / ∂Ni)T, P, Nj≠i 

 

Here, the chemical potential of some i
th

 particle in a system of a set number of  j (≠i) 

particles is represented. For growth resulting in separation of a newly formed crystalline 

phase from the original ambient phase we have a net chemical potential change (∆µ) as a 

difference between the potential of the growth medium (µmedium) and the crystal (µcrystal).  

 

∆µ = µmedium - µcrystal 

 

At the onset of crystalline phase nucleation, interface energies will dominate, but in order 

to quantify the chemical potential through experimentally measurable parameters 

evaluation of the respective potentials of the medium and crystal as bulk quantities can be 

substituted upon formation of a stable nucleus and the beginning of the growth stage. 

Considering the case of growth from a vapor phase environment, a solid crystalline phase 

will precipitate out when the vapor pressure (Pvapor) reaches a level greater than that of the 

saturated/equilibrium vapor pressure (Pequilibrium). Using these vapor pressure values, the 

difference in chemical potential between the crystalline and ambient phases can be 

related to vapor pressure as: 
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 ∆µ = kb T log(Pvapor / Pequilibrium) 

 

The value kb is the Boltzmann constant. Supersaturation level in terms of the vapor 

pressure is 

 

σ = (Pvapor - Pequilibrium) / Pequilibrium 

 

which then allows the chemical potential difference to be thought of in terms of 

supersaturation as 

 

∆µ = kb T log(1 + σ) ≈ kb T σ 

 

 Thought of in different terms, the vapor pressure indicates the concentration of particles 

which constitute the solid phase crystal and the chemical potential difference can instead 

be described using the ambient and equilibrium concentrations (Cvapor and Cequilibrium), 

respectively.  

 

∆µ = kb T log(Cvapor / Cequilibrium) 

 

Here, again, the concentration can be thought of in terms of supersaturation level through 

 

σ = (Cvapor - Cequilibrium) / Cequilibrium 
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and 

 

∆µ = kb T log(Cvapor / Cequilibrium) = kb T log(1 + σ) ≈ kb T σ 

 

Of course, if the equilibrium and vapor values of pressure (or concentration) are identical 

the level of supersaturation becomes a state of saturation and the case implied would be 

one in which atoms will leave the crystalline phase for the ambient as readily as join it. A 

positive increase in supersaturation level, in turn leading to greater crystallization 

tendencies, can be brought about by either an increase in ambient phase vapor pressure or 

a decrease in the equilibrium vapor pressure (which is typically temperature dependent). 

Understood in this way, the chemical potential is analogous to the case of electrical 

potential with the substitution of mobile atoms for electrical charges. Just as an electrical 

potential drives current, the chemical potential difference does the same and serves as the 

driving force for atoms to form into a solid crystalline phase. 

 

Rate Determination  

 

As material makes the transition from the ambient to crystalline phase and 

becomes incorporated into a crystal, there are several different processes which determine 

to a large extent the final form of the growing crystal. These processes involve the supply 

rate of material from the surrounding environment for incorporation into the growing 

crystal, the organization and situation of adsorbed atoms into final positions on the 

surface of the growing crystal, and the removal of latent heat from the growing crystal 
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created during the change of state between ambient and crystalline phases. Of these three 

processes, the one which occurs the slowest will dictate to the largest extent the 

formation behavior of the crystal and for this reason is considered to be responsible for 

rate determination. Since the focus in this body of work involves growth from the vapor, 

it is the organization/situation of adatoms at the interface between crystal and vapor that 

is rate determining. The large impact of the atomic orientation process on the crystal 

surface is a direct consequence of the dilute nature vapor phase growth environments and 

leads to the necessity of understanding growth behavior of mobile species atop atomically 

smooth crystalline surfaces. 

 

4.2 Growth Surfaces 

 

The surfaces of growing crystals can be generally categorized based on their 

intrinsic growth rate tendencies. A surface that is inclined towards a rapid rate is usually 

termed a rough surface, a term arising from the understanding of this type of surface to 

be comprised dominantly of K-sites. As these K-sites are readily receptive of incoming 

atoms, a surface on which all lattice points are K-sites will incorporate all adsorbed atoms 

and grow at a driving force dependent maximum rate 

 

Rmax ≈ (∆µ / kb T) [Ω (Pequilibrium) / (2 π m kb T)
1/2

] 

 

as described in a previous section. This type of rapid growth is known as adhesive growth 

since incoming atoms basically stick to the surface upon impingement. Giving rise to this 
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kind of roughness for a surface is the exposed crystallographic plane. The {111}-plane of 

a simple cubic lattice, a high index plane, can be classified as rough due to the high 

density of lattice points behaving as K-sites.  Conversely the {100}-plane for a simple 

cubic lattice, a high density, low index plane, features strong interatomic bonding and 

does not contain exposed K-sites and so is thought of as a smooth or singular surface. In 

this case, any growth that occurs atop a smooth surface must rely on a cluster of adatoms 

to coalesce into a stable state which takes a considerably longer period of time when 

compared to the adhesive growth seen on rough surfaces. Ultimately, the need for K-sites 

drives growth on smooth surfaces, as well, but it is through nucleation of 2-dimensionl 

islands that the K-sites are provided. For smooth surfaces the type of growth most readily 

seen is of the 2D nucleation type.  

 

Under adequately high driving force, regardless of whether the surface is smooth 

or rough based on crystallographic geometry, a kinetic roughening transition will take 

place resulting in adhesive type growth. A similar effect is observed with increasing 

temperature, a thermodynamic roughening transition. In the absence of an externally 

driven roughening transition, rough surfaces on a growing crystal will quickly disappear 

because of their rapid growth rate. As a result, the singular surfaces will remain and 

become the dominant surface with 2D nucleation growth contributing the bulk of a 

crystals make up.  

 

Looking at the arrival of atoms onto a singular surface, upon adsorption the 

energy originally carried by the incoming atom is lost and so it becomes stuck on the 
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surface. Through heat fluctuations, the atom can eventually gain enough energy 

(Edesorption) for desorption to occur. The period of time spent on the crystal surface is 

dependent upon this energy level and is given by 

 

τdesorption = ν
-1

 exp(Edesorption / kb T) 

 

with ν being the adatom vibrational frequency. When on the surface, however, the 

activation energy (Esurface) needed for an adatom to jump from one lattice point to an 

immediately neighboring point is sufficiently lower which allows for a certain degree of 

mobility. If this adatom is able to eventually hop into a K-site with adequate binding 

energy to maintain it prior to an accumulation of energy equal to Edesorption the atom will 

remain as part of the growing crystal. The coefficient of diffusion arising from Esurface is 

 

Dsurface = a
2
 ν exp(-Esurface / kb T) 

 

where a is the lattice constant. The diffusion length (λsurface) of the adatom is related to 

τdesorption and Dsurface by 

 

τdesorption Dsurface = λsurface
2
 

 

which produces an average diffusion length given by 

 

λsurface = a exp[(Edesorption – Esurface) / 2 kb T]    
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In order for crystal growth to proceed on a singular surface λsurface needs to be larger than 

half the average distance between K-sites. For this reason the frequency of island 

nucleation on the surface of a growing crystal becomes a crucial item to consider. 

 

2D Island Nucleation Frequency 

 

On the singular surface of a crystal growing within a vapor environment 

numerous adatoms are simultaneously in motion and will collide frequently. These 

collisions lead to clustering, larger clusters achieving greater stability. While the cluster 

size is still low atoms can readily pick up enough energy to leave the cluster leading the 

cluster to dissolve entirely. Beyond a certain critical size the cluster will become stable 

enough to avoid dissolution and will instead contribute to crystal growth. For a 2D 

(monolayer) cluster of atoms of radius r, the number of atoms will be (Π r
2
 n0, n0 = 1/a

2
 = 

lattice point density) and since the change in chemical potential per atom in the cluster 

will be -∆µ, the bulk of the cluster will possess the energetic equivalent of -(Π r
2
 n0 ∆µ). 

Along the perimeter of this cluster the atoms are not as tightly bonded and so are affected 

more so by heat fluctuations leading to an additional energy per atom (γ) that must be 

overcome in the growth of the cluster. In total, the creation of an adatom cluster causes a 

radius dependent change in free energy (∆G) given by 

 

∆G(r) = -(Π r
2
 n0 ∆µ) + (2 π r γ) 
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Combining the free energy gain into the Boltzmann factor (exp[-∆G(r) / kbT]) provides a 

proportionality to the probability of existence at the state corresponding to any given 

∆G(r). In order to obtain an actual probability, the Boltzmann distribution, normalization 

of the factor through division by the partition function containing the sum of all 

Boltzmann factors is needed.  

Setting the derivative of ∆G(r) with respect to r at zero gives a critical radius (rcritical)  

 

rcritical = γ / n0 ∆µ 

 

and the corresponding critical free energy (∆Gcritical) 

 

∆Gcritical = π γ
2
 / no ∆µ 

 

,the energy maxima below which clusters will dissolve and above which they are likely to 

continue growing. 

 

For an atomic density n0, which assumes a single adatom per lattice point, the density of 

an island at critical radius (Ncritical) is 

 

Ncritical = n0 exp(-∆Gcritical / kbT)  

 

Since the island is precisely at the critical size, theoretically the addition or subtraction of 

a single atom will push the island into a continual growth or dissolution trend. The 
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frequency (νaddition) at which a single additional atom will be added to the perimeter of 

such an island is 

 

 νaddition = 2 π rcritical n0 (Dsurface / a)  

 

From this atomic addition frequency and island density at critical size the frequency 

(νnucleation) at which stable islands form atop a singular surface can be given as 

 

νnucleation = Ncritical νaddition 

 

This frequency of stable island nucleation is an upper limit to the actual values that can 

be expected as the island density is an over approximation. However, the firm 

relationship between nucleation frequency and the vapor saturation dependent driving 

force is clearly shown. 

 

Island Advance Velocity 

 

K-sites that exist along the perimeter of a nucleated 2D island on the singular 

surface of a crystal growing within a vapor phase environment are generally spaced at a 

distance much less than the surface diffusion length of adatoms for a given temperature, a 

result of competing free energy (favoring a closed surface) and entropy (favoring 

sporadic defect sites). First, looking at the flux of atoms adsorbing onto the growth 

surface from the surrounding vapor, we have 
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Fluxin = Pvapor / (2 π m kb T)
1/2

  

 

which can be described instead in terms of the time adsorbed lifetime of an atom as 

 

Fluxin = ns / τdesorption 

 

where ns is the resulting density of adatoms. As the diffusion coefficient is directly 

related to τdesorption the surface flow of adatoms in all directions upon the plane of the 

surface per unit time per unit surface area can be given as 

 

Fluxsurface = -Dsurface (grad ns)   

 

In order to obtain the adatom density, a steady state (∂/∂t = 0) solution for the continuity 

equation for the two fluxes is needed 

 

∂ns / ∂t = -div Fluxin + Fluxsurface = 0 

 

 

First looking at the case of equilibrium vapor pressure, which is equivalent to the case of 

adatoms being situated a distance from the nearest island greater than their diffusion 

length, there will be zero net flow of ad- and desorbing atoms and Fluxin = 0 will yield an 

equilibrium adatom density (neq) 
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neq = [Pequilibrium / (2 π m kb T)
1/2

] τdesorption 

 

In this case, there is no K-site material sink present and an adatom based analogue to 

supersaturation level (σadatom), which can be described as 

 

σadatom(x) = (ns(x) – neq) / neq 

 

, will be based purely on the vapor pressure. That is, in the case where a distance from an 

island much greater than the diffusion length is considered (x = ∞), we will have 

 

σadatom (∞) = σ = (Pvapor – Pequilibrium) / Pequilibrium 

 

The overall adatom supersaturation then becomes 

 

σtotal (x) = σ - σadatom(x) 

 

To obtain a value for ns, the equation to be solved is 

 

λsurface
2

 (d
2
σtotal / dx

2
) = σtotal 

 

using the boundary conditions 
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σtotal(∞) = 0 

 

σtotal(0) = σ 

 

which leaves the result 

 

σtotal(x) = σ exp(-x / λsurface) 

 

The adatom density at a given vapor pressure is then 

 

ns(x) = neq + (ns – neq) (1 - exp(-x / λsurface)) 

 

This density of adatoms on the surface of the growing crystal directly contributes 

additional material to the island and so the velocity of advance for an islands perimeter 

(vgrowth, a measure of growth rate) is 

 

vgrowth = (2 Dsurface / n0) |dns / dx|x=0 = [Pequilibrium / (2 π m kb T)
1/2

] (2 λsurface σ / n0) 

 

The velocity described here is a reflection of the maximum rate at which surface 

nucleated 2D layers of material can grow since the underlying assumption used to arrive 

at the growth velocity is that all atoms which are adsorbed within a distance of λsurface will 

become incorporated. 
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4.3 Adsorption and Desorption 

 

During the growth stage of a crystal in a vapor phase environment, atoms are 

constantly impinging upon the surface of the growing crystal while at the same time 

atoms already adsorbed onto the same surface are constantly being ejected. Assuming a 

positive driving force, impinging atoms will lose their kinetic energy to the crystal upon 

collision and so will end up remaining on the surface leading to a next flux of atoms 

directed onto the crystal surface. With an adequate number of adatoms a process of 

coalescence takes place leading to a further lowering of system energy through bonds 

formed. This decrease in energy (∆E) per number of atoms bonding together (N) is 

dependent on the binding energy (ϕ) associated with the coalescence of atoms and their 

incorporation into the growing crystal. 

 

∆E/N = (1/2) ∑ ni ϕi = ϕ1/2  

 

The binding energy ϕi is for the atom in question located at some i
th

 position with a 

number of immediate neighbors at this position given by ni. The factor of ½ is due to the 

shared nature of the binding energy between participating atoms. If the binding energy 

between atoms is adequately distributed, complete incorporation into the growing crystal 

takes place. Adequacy is denoted by ϕ1/2 and reflects the case of an equally shared bond 

between atoms, thus the energy per atom ∆E/N must equal or exceed ϕ1/2 in order for 

permanent coalescence of adatoms to take place. 
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Following the Kossel-Stranski model of crystal growth, an example can be given 

by picturing an atomically smooth crystal surface upon which a number of atoms have 

adsorbed and joined together into an island that is a single atomic layer in thickness. 

Further picturing the atoms within this monolayer thick island to be cubically packed the 

case of minimal binding energy greater than ϕ1/2 exists for atoms located in corner 

positions with two nearest neighbor atoms. Such a position is referred to as a kink site, 

commonly denoted as K. Imagine next a smooth edge along this island consisting of a 

straight line of atoms each having three immediate neighbors. A single incoming adatom 

that happens to attach itself along this edge will fall short of possessing the requisite ϕ1/2 

amount of binding energy and will likely desorb before long. If, however, it is joined by 

another adatom before desorption occurs both atoms along the edge are now doubly 

bonded and have reached ϕ1/2. These two atoms now form a new edge and to either side 

of this two atom edge there are now K-sites which will promote further growth. With 

each new incoming atom falling into a K-site, the position of the K-site is simply shifted 

one step over. These K-sites are also often described as Half-Crystal positions because 

the estimated binding energy associated with them is about half of that associated with an 

atom within the bulk of the crystal.  

 

In the previous description, the surface depicted was that of a {001}-oriented 

plane belonging to a simple cubic lattice. For a crystal composed of a single element the 

binding energies will be dependent only upon structure, the arrangement and distances 

between bonded atoms within the lattice. Taking ϕfirst as the total binding energy between 
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two nearest neighbor atoms and ϕsecond as that between an atom and its second nearest 

neighbor, the ϕ1/2 value of a simple cubic lattice will be  

 

ϕ1/2 = ½ (6ϕfirst + 12ϕsecond)  

 

since there are 6 nearest neighbors and 12 second nearest neighbors. The ½ again relates 

to the shared energy between two bonded atoms. Similarly, a body centered cubic lattice 

would have 

 

ϕ1/2  = ½ (4ϕfirst + 3ϕsecond)  

 

and a face centered cubic lattice would have 

 

ϕ1/2  = ½ (6ϕfirst + 3ϕsecond)  

 

since the number of first and second nearest neighbors in these cases is 4, 3 and 6, 3, 

respectively. 

 

The adsorption and desorption of atoms from the surface of a growing crystal are 

two processes that occur both continuously and simultaneously. Their net result will yield 

an absolute growth rate for crystal formation. An estimate of the incoming flux of atoms 

to a surface (number of atoms per unit time per unit surface area) can be obtained from  
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Fluxin = Pvapor / (2 π m kb T)
1/2

  

 

where Pvapor is again the vapor pressure and m the atomic mass of a single atom. 

Highlighting the need for Pvapor to be greater than the equilibrium vapor pressure is the 

point that at equilibrium the flux value will reflect a case of balance between ad- and 

desorption leading to zero growth. The number of atoms leaving the surface when at this 

saturated state is 

 

Fluxout = Pequilibrium / (2 π m kb T)
1/2

  

 

with Pequilibrium being the equilibrium vapor pressure. Since the value of Fluxout does not 

depend on Pvapor a growth rate estimate can be obtained using the Hertz-Knudsen 

formulation for vapor pressure dependent maximal growth rate 

 

Rmax = Ω (Pvapor - Pequilibrium) / (2 π m kb T)
1/2

  

 

where Ω is the atomic volume. It can readily be seen that the maximum growth rate 

predicted by the Hertz-Knudsen formula can be related to the driving force (∆µ) 

described previously through the supersaturation level (σ) 

 

Rmax = Ω (Pvapor - Pequilibrium) / (2 π m kb T)
1/2

  

 

= [(Pvapor - Pequilibrium) / Pequilibrium] [Ω (Pequilibrium) / (2 π m kb T)
1/2

] 
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= σ [Ω (Pequilibrium) / (2 π m kb T)
1/2

] 

 

≈ (∆µ / kb T) [Ω (Pequilibrium) / (2 π m kb T)
1/2

] 

 

4.4 Thin Film Growth From Vapor 

 

Films grown for modern technological applications are typically deposited 

through various vapor condensation methods, both chemical and physical in origin. The 

film growth process involves the initial adsorption of atoms onto the substrate surface 

followed by nucleation of adatoms into stable clusters and finally the growth of these 

nuclei. A quick look at the various processes and phenomena relevant to thin film growth 

will enable an understanding of formation behavior in thin films as well as related 

nanostructured materials such as nanowires.  

 

Ad- and desorption 

 

When an atom from the vapor impinges upon a substrate surface it will lose some 

amount of its initial energy to the substrate atoms. The rate at which an adatom will 

equilibrate with the substrate lattice is related to the vibration frequency (ν) of the lattice 

with typical values on the order of 2/ν. Thermal accommodation is therefore 

accomplished within the time frame of just several lattice oscillations unless the adatom 

arrives with an exceptionally high energy (in which case substrate ablation may take 
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over). The mean residence time of such an adsorbing atom upon the substrate surface at a 

temperature T is given by τadsorption = (1/ν0)exp(∆Gdesorption/kT) where ν0 is the adatom 

vibration frequency or desorption attempt frequency (on the order of 10
14

 sec
-1

) and 

∆Gdesorption is the activation free energy needed for an atom to escape the substrate surface 

(typical values on the order of  1eV for CVD).  

 

While condensation of a vapor onto a solid of like material only requires a 

supersaturation ratio just above one, initial achievement of a stable deposit during film 

growth may require substantially greater supersaturation ratios. Formation of a stable 

deposit relies on formation of stable atomic clusters through interatomic collisions 

making the adatom residence time a critical parameter in film deposition.       

 

Nucleation 

 

For a stable aggregate of adatoms to form following condensation from the vapor 

onto a susbstrate, surface free energy fluctuations are required to overcome the energy 

barrier associated with nucleation. The free energy of the aggregate is an accumulation of 

the various surface and interfacial free energies (proportional to r
2
, surface area) and the 

free energy of condensation (proportional to r
3
, volume). While still small the surface 

energy dependence is dominant and as the size of an aggregate increases in this small 

cluster regime the total free energy of the cluster increases, as well. Upon passing a 

critical aggregate size the volume term associated with a negative free energy of 
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condensation becomes the determining factor resulting in a lower of free energy and 

achievement of a stable nucleus. 

 

Atoms contributing to the formation of nuclei can arrive at a growing aggregate 

through either direct impingement from the vapor of collisions on the substrate surface 

with mobile adatoms and other aggregates. The rate of nucleation depends heavily on 

factors such as deposition rate and surface diffusivity which are determined by standard 

growth parameters. 

 

Sticking Coefficient 

 

The stable nuclei on a substrate surface have a self-limiting density dependent 

upon the size of the growing crystal‟s capture zone. Once a nucleus stabilizes it will act 

as a sink for all neighboring adatoms able to diffuse towards it and the radius defining the 

nucleus‟ capture zone is therefore related to the adatom diffusivity and residence time by 

r ~ (Dτ)
1/2

.   

 

Outside the capture zones the rate at which stable nuclei emerge is given by 

dN(t)/dt = I[1-N(t)Dτ], where N(t) is the number of stable nuclei per unit area and I the 

nucleation frequency. In turn, the fraction of substrate coverage is F(t) = N(t)Dτ = 1 – 

exp(-IDτt), which is the approximately equivalent to the sticking coefficient of the 

complete growth surface.  

 



49 

 

 

Consequences of Nucleation 

 

A larger energy barrier to nucleation will yield a larger critical size for stable 

nuclei, and vice versa. In the case of thin film growth a larger energy barrier to nucleation 

translates to larger island sizes at the point of coalescence and an overall rougher, coarser 

grained film. The opposite case of low nucleation energy will instead produce a thin 

film consisting of small coalesced islands and a smoother, finer grained film.  

 

The free energy associated with critical nucleus size can be related to a commonly 

known material parameter such as melting point through the heat of vaporization. A 

general prediction can then be made that high melting point metals such as Ni, Ta, and Pt 

will have easily stabilized nuclei while a low melting point metal such as Mg will form 

nuclei with large critical radii. Experimentally this is consistent with the observation of 

generally rough Mg films while those of Ta and Pt are easily grown to be smooth.  

 

The surface energy of the nucleus and that of the substrate also play a major role 

in determining the critical size with the combination of large nucleus surface energy and 

low substrate surface energy leading to larger critical nucleus sizes. In this case it is the 

degree of substrate wetting that changes the critical size; more wetting will tend towards 

larger nuclei and less wetting towards smaller. 

 

Role of the Substrate 
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Binding strength between adsorbed atoms and the substrate surface will affect the 

energy barrier to nucleation and therefore critical nucleus size and nucleation frequency. 

Strong adatom/substrate binding energies will typically lead to smaller critical size and 

larger nucleation frequency. This binding energy can vary in value from the meV range 

in the case of a weak van der Waals interaction to several eV for metallic bonding. Many 

deposit/substrate combinations result in formation of strong bonds, an example of which 

is Al forming an oxide bond when deposited on SiO2. A consequence of the 

deposit/substrate binding energy is the activation energy of surface diffusion which can 

generally be estimated at a fraction (~1/4) of the binding energy. An adatoms surface 

mobility will not directly determine the critical nucleus size, but will affect the nuclei 

density and growth rate through influence on capture zone size.  

 

As substrate temperature is increased the general dependencies of critical nucleus 

size and the corresponding free energy of the aggregate follow the relationship (dr/dT), 

(d∆G/dT) > 0 under several simplifying assumptions including an inert substrate and 

constant deposition rate. At higher temperature the growth of larger nuclei can be 

expected, as well as a substantial decrease in nucleation frequency since the rate of nuclei 

formation is exponentially dependent on ∆G. At a constant temperature the dependencies 

on deposition rate are instead (dr/dT), (d∆G/dT) < 0, so increasing deposition rate will 

lead to the opposite effects of smaller nuclei sizes and higher formation rate. 

 

Coalescence and Coarsening 
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Following the formation of nuclei a process of inter-island atomic exchange can 

take place in which higher energy islands lose their atoms to lower energy islands of 

greater stability. The energy per atom of an island at small size scales (as few as two 

atoms per island) will be dominated by surface and interface energies. Crystallographic 

orientation and size (surface to volume ratio) dependencies can lead to a general tendency 

towards islands of certain crystallographic orientations and sizes which help to minimize 

the overall surface and interface energies involved.  

 

Upon coalescence of islands the coarsening process becomes a consequence of 

grain boundary effects in addition to atomic exchange through surface diffusion. Two 

nuclei growing into one another with surface energies γ1 and γ2 are able to lower the total 

interfacial energy by creation of a grain boundary of energy γgb < γ1 + γ2. This process 

typically occurs through elastic deformation rather than diffusion (the former of which is 

a generally more rapid process) and will contribute an additional amount of stress in the 

growing film. A thin film will become especially strained due to grain boundary 

deformation in cases where the interface with the substrate is fairly rigid (ie cases in 

which the film material has low mobility or there is a strong epitaxial relationship). A 

certain degree of relaxation can be achieved through diffusion processes and atomic 

rearrangement, but full relief of the created strain usually requires a shift along the 

grain/substrate interface or emergence of bulk defects. 

 

Coarsening processes following coalescence occur for much the same reason as 

that occurring pre-coalescence, namely energy reduction. Bulk diffusion will play a 
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major role in addition to surface diffusion, the primary exchange mechanism in pre-

coalescence coarsening. Since there is still a size and orientation dependence coarsening 

here will also often result in an evolution of grain size and texture distribution. In more 

extreme instances, the substrate coverage of the growing film can decrease due to 

coarsening leading to availability of substrate surface outside pre-existing capture zones 

where a secondary nucleation process can take place.  

 

Mediating the effects of coarsening is the deposition rate and its most direct 

consequence the growth rate of individual grains. The greater the deposition rate relative 

to surface and grain boundary diffusion, the weaker the small-grain elimination effect 

will be due to coarsening. Again, the diffusivity depends on the required activation 

energy and the temperature (~exp[-Ea/kT]) so grain sizes can generally be expected to 

vary in proportion to temperature with deposition rate possibly further increasing the 

overall grain size but doing little to decrease it past a definitive minimum point. 

 

Late Stage Grain Growth 

 

A number of stresses affect each individual grain in a polycrystalline film 

including those arising due to coalescence (grain boundary deformation), deposition 

related deformation of initial film layers, and substrate/deposit mismatch. The associated 

strain energy is Estrain = ε
2
 Mhkl, where ε is the strain and Mhkl the crystallographic 

direction dependent Young‟s modulus (=stress/strain). All the various surface and 

interface related energies are given by Esurface/interface = (γsurface + γinterface) / γgrainboundary h, 
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here h is the film thickness. As grains grow the orientation assumed is dictated by a 

balance between these two energies. An example is the deposition of fcc metals onto 

amorphous substrates in which the typical case sees surface energy minimization 

favoring a <111> orientation while strain energy minimization prefers a <100> grain 

orientation. Generally, Esurface/interface dominates when film thickness is low and stress 

release mechanisms, such as deposit mobility, are high while Estrain dominates in films 

experiencing strain driven elastic deformation. As an example, annealing at an adequately 

high temperature of a film deposited at lower temperature would provide the mobility 

necessary to relieve strain leading to the emergence of one texture over another through a 

coarsening process. 

 

When a film with low mobility, particularly low grain boundary mobility, 

thickens the balance between Esurface/interface and Estrain will prefer specifically oriented 

grains causing a transition from small uniform grains at low thickness to dominance by a 

subpopulation of laterally thickened grains nearer to the film surface. Aside from a 

material‟s intrinsic mobility, impurities often hinder grain boundary mobility, as well. 

Films that are mobile, or are deposited at high enough temperatures, will witness growth 

of grains with aspect ratio closer to one and overall larger, more uniform sizes.  

 

Film Surface Grain Growth 

 

Further deposition onto an already continuous thin film will be guided by 

epitaxial deposition upon the previously deposited film layers. The result is a general 
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tendency to propagate topographical features induced during the energy balance 

occurring during nucleation, coalescence, and coarsening of the initially deposited film 

layer. While neighboring grains will be in competition to incorporate arriving atoms, 

mobile materials will be more likely to maintain grain growth during film thickening and 

retain individual grain aspect ratios close to one, as well as milder feature propagation. 

Immobile materials are much more prone to shadowing effects, this is especially the case 

for line-of-sight deposition techniques such as sputtering. Larger perturbations in the film 

will accumulate arriving atoms more quickly creating substantial roughness and columnar 

grains.  

  

Temperature and Pressure Effects 

 

To a great extent the microstructure of a thin film is based on the various 

diffusivities, desorption rate, and nucleation frequency and critical size all of which are 

related to temperature through the Boltzmann factor making temperature control one of 

the key parameters to influence film evolution. The homologous temperature, Thomologous = 

Tdeposition/Tmelting, can be thought of as a means to roughly characterize the type of grain 

formation to expect within a class of similar materials. As an example, for bcc metals at 

Thomologous < 0.5 grain boundary motion is not expected to be substantial leading to a 

prevalence of fine grain structure in thinner films and a columnar structure as the 

thickness increases. Group 4 diamond cubic materials (i.e. Si, Ge, C) have notoriously 

low diffusivities and are often observed to remain amorphous when deposited at 

Thomologous = 0.5 and only showing substantial grain boundary mobility effects around 
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Thomologous = 0.9. Conversely, fcc metals have characteristically high mobility and tend to 

display a transition from columnar to equiaxial grain growth near Thomologous = 0.2-3.  

 

The case of sputter deposition involves inter-atomic collisions in the plasma with 

the consequence of lower energy adatoms being deposited when collisions are high, and 

vice versa. Deposition pressure is the primary factor affecting the collision rate in the 

plasma and so it is a parameter with effects similar to those of temperature. High pressure 

sputtering produces lower mobility and generally rougher films while smoother, isotropic 

grains are observed for lower pressure.  
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Chapter 5 

 

Nanowire Growth 

 

This chapter contains original work concerning growth related aspects of the Ni 

nanostructures and the controlled transitions in growth phases. An opening section 

summarizing established mechanisms of nanowire growth is placed at the beginning of 

the chapter. Vertically oriented Ni nanowire growth is then discussed followed by a look 

into the nature of growth phase transitions between vertically oriented Ni nanowires and 

the other three nanostructured materials. Vertical nanowire growth is presented first as 

the mechanism leading to their formation is used as a baseline where the other phases are 

discussed in terms of deviations from conditions leading to vertical orientation. After the 

presentation of general formation mechanisms, three key aspects of the growth process 

are explored in greater detail. Finally, the two concluding sections will present further 

controlled variations in the formations mechanisms presented in the case of Ni as 

evidence of the general applicability of the formation mechanisms, as well as validation 

of these mechanisms.    

 

5.1 Established Nanowire Growth Mechanisms 

 

Vapor-Liquid-Solid 
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The synthesis of numerous highly anisotropic functional materials has been 

achieved over the past several decades through varying methods following the vapor-

liquid-solid mechanism (VLS). Prior to the introduction of the VLS mechanism by 

Wagner and Ellis in 1964, the growth of whiskers with overall small size and aspect 

ratios in a respectably high range had already been ongoing for quite some time
1
. By 

1950, for example, SbSI whiskers with an aspect ratio somewhat below 100 had been 

produced by vapor condensation
2
. Early models proposed to describe the growth of these 

structures tended to focus on diffusion and dislocation as the primary factors leading to 

their one dimensional nature. In many instances, however, expeirmental results could 

neither be explained nor predicted with these models, thus severely limiting the ability of 

researchers to use these models in the rational design of growth experiments. Though it 

too often meets with experimental conflict, the VLS model has, in an astounding number 

of cases, provided a highly versatile platform upon which controlled synthesis of one-

dimensional structures can be obtained. 

 

There exist many descriptions in varying detail of the VLS growth mechanim 

which appear in scientific journals and books. Presented here is an outline of some of the 

general concepts involved in the classic VLS model relevant to the later discussions of 

nanowire (NW) growth. 

 

The key feature of the VLS mechanism is the transition of material from vapor to 

liquid to solid in that order. Atop the substrate there is deposited a catalyst material 

chosen such that its melting point and eutectic temperature with the material to be grown 
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is suitable given the temperature options at the growth site. Before the vapor phase 

reactants are deposited onto the substrate the catalyst will already have been melted into 

small droplets either in a pure form or as an alloy with the substrate material. 

Accommodation coefficients of liquids tend to be significantly larger than those of solids, 

leading to the highly preferential accumulation of vapor phase reactants at the locations 

of liquid droplets. Upon contacting the liquid catalyst, reactant species will themselves 

condense into a liquid, quickly diffusing throughout the droplet. As the growth proceeds 

and more material is introduced into these droplets a supersaturation point will be 

reached. The reactants will then precipitate out of the liquid catalyst into a solid structure 

whose dimensions are heavily influenced by the catalyst droplet. 

 

In order for the VLS growth of one-dimensional structures to be successfully 

carried out a number of basic requirements must be met. Starting with the catalyst 

droplet, aside from the neccesity of it being in the liquid state, the solubility of the 

reactant species within the liquid catalyst must lie within an optimal range. Lower 

solubilities will lead to high rates of supersaturation resulting in morphologies varying 

from the purely one-dimensional ideal. Solubility that is too high, and the corresponding 

low supersaturation, will make it difficult for precipitation to occur in a consistent 

fashion. The catalyst must possess a vapor pressure low enough that evaporation does not 

become a significant factor and also must be chemically inert with respect to the 

reactants. Were this not the case, rather than serving its role as a catalyst, this material 

would instead become an impurity within the final product. In typical growth processes 

parameters such as temperature and gas flow rate are chosen to meet these fundamental 



59 

 

 

requirements. 

 

Looking more closely now at the Au catalyst driven unidirectional growth of Si, a 

case which serves as the epitome of the VLS mechanism and is also the system originally 

studied by Wagner and Ellis, we start with Au particles deposited atop a Si substrate. As 

Si is initially introduced to the Au and the catalyst takes the form of a liquid droplet, the 

liquid-solid (catalyst-substrate) interface will be characterized by a contact angle β0. The 

value of the angle β0 is dictated by the surface energy of the catalyst droplet (σl) as well 

as that of the solid (σs) and liquid-solid interface (σls). The relevant Young equation for 

these quantities is 

 

σl cos(β0) = σs – σls 

 

, but in the case of a nanoscale droplet the effects of the surrounding vapor become non-

negligible and will be included through a line tension (τ), the solid-liquid-vapor interface 

energy 

 

σl cos(β0) = σs – σls – (τ / r0) 

 

Here, r0 is the radius of the droplets perimeter upon the substrate surface, the contact area. 

Following saturation when solid material begins to precipitate out of the droplet, the 

radius of the contact area decreases with increasing NW height during the initial period of 

growth before reaching a stable diameter. The angle (α) created by the tapering NW body 
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(measured between the outer surface of the NW and the horizontal liquid-solid interface 

between the droplet and precipitate) is related to the surface energies involved by 

 

 σl cos(β) = σs cos(α) – σls – (τ / r0) 

 

The droplet morphs into a more spherical shape (β0 → β) as the NW elongates and α 

increases. Growth and morphology of a NW can be seen to depend on a balance between 

the various energies involved, including the line tension, changes to which can yield 

irregularities inthe unidirectional growth. In these cases kinks or spiraling may occur in 

the resulting NWs, as well as completely non-1dimensional forms such as hillocks and 

low-aspect ratio polyhedrals. 

 

One phenomenon that can perhaps be inferred when contemplating the catalyst-

crystal relationship is the dependence of NW growth rate on its diameter. In fact, 

supersaturation, which is indicative of driving force, is a function of NW diameter as 

demonstrated by the Gibbs-Thomson effect where 

 

∆μ = ∆μ0 – (4 σsurface Ω / d) 

 

The chemical potential difference (∆μ) is that between Si in the vapor (reactant) and solid 

(NW) phases, ∆μ0 reflects the initial stage prior to precipitation where the limit d → ∞ 

can be taken, Ω is the atomic volume of Si, and σsurface is the specific surface free energy 
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of the NW. Indicated here is that a large diameter crystal will grow more rapidly than one 

with lower diameter.  

 

Referring back to the driving force-vapor saturation relationship 

 

∆µ = kb T log(Pvapor / Pequilibrium) 

 

and 

 

σ = (Pvapor - Pequilibrium) / Pequilibrium 

 

the minimal NW diameter at which the system is stable and growth proceeds will be 

given by 

 

dmin = (4 σsurface Ω) / (kb T lnσ) 

 

However, with the additional presence of a catalyst composed of a foreign element (Au in 

this case) the binary mixture of Au and Si must be considered, as well as the instance in 

which catalyst and NW are at different diameters. In order to account for the effects 

stemming from these considerations the partial pressures of the Au (PAu) and Si (PSi) will 

be introduced to separate revised estimates of minimum stable diameters for the catalyst 

(dcatalyst) and NW (dnanowire). These are 
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dcatalyst = (4 σliquid-vapor Ωliquid) / (kb T ln(PSi/ Pequilibrium, Si))  

 

= (4 σliquid-vapor Ωliquid) / (kb T ln(PAu/ Pequilibrium, Au)) 

 

and 

 

dnanowire = (4 σsolid-vapor Ωsolid) / (kb T ln(PSi/ Pequilibrium, Si)) 

 

The surface interface energies (σ), atomic volumes (Ω), and equilibrium vapor pressures 

(P) are specific to each distinct situation and reflect the phases and components involved. 

As a result, one important conclusion is that NWs of diameter lower than what would be 

stable in the case of a lone crystal are possible through catalyst mediated growth. 

Additionally, predictions of minimum NW diameter in such a system (Au-Si) indicate the 

possibility of lower diameters at decreased temperatures. 

 

Determinations of NW growth rates have been similarly performed, in particular 

by Givargizov
2
. From the VLS model of NW growth, there is expected to be a semi-

molten layer at the catalyst-NW (liquid-solid) interface through which atoms can readily 

hop from one lattice point to another. It is at this interface that precipitation occurs 

leading to the importance of supersaturation, and therefore driving force, within the 

catalyst droplet. This would essentially be thinking of NW growth in terms of classical 

crystal growth models where the surrounding environment is a solution whose 
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dimensions are confined to that of the catalyst droplet. The axial growth rate (V) 

determined by Givargizov was 

 

V = dLength / dTime ≈ [(∆μ0 / kb T) – (4 Ω σliquid-solid / d kb T)]
n
 

 

where n (~2) is an empirical fitting parameter. This growth rate as a function of driving 

force marks VLS NW growth as a situational subset of long standing general crystal 

growth theories.   

 

Vapor-Solid 

 

Unidirectional crystal growth is readily possible in the absence of a foreign metal 

catalyst as described in the VLS mechanism. For crystals forming through the direct 

sublimation of vapor phase reactants, a vapor-solid transition, many instances of NW-like 

forms have been reported. In many cases crystals form with an elongated morphology 

due to intrinsic anisotropies in their crystal structure. Materials possessing a hexagonal 

crystal lattice, for example, will naturally prefer growth along the c-axis direction. 

Another instance of non-VLS NW formation involves the “poisoning” of specific 

surfaces of the growing NW due to crystallographic orientation. A surfactant or some 

molecular species in the growth environment may preferentially adhere to one crystal 

plane over another, thus preventing further atomic incorporation in certain directions and 

causing unidirectional growth. This method is often used in the solution phase growth of 

NWs, but is possible in vapor phase CVD synthesis, as well.  
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Self-Catalytic Growth 

 

The two general routes to NW synthesis discussed so far differ primarily in the 

presence of a catalyst. In the VLS case the material contributing to NW formation is 

introduced to the growing crystal through a mediating catalyst whereas in the vapor-solid 

case incoming material joins the growing crystal directly without having to transition 

through a mediating material. A third case will now be introduced in which anisotropic 

growth is a result of mediated incorporation of atoms, but the mediator in this case is not 

an intentionally introduced material of foreign composition. Instead, the mediator in this 

case is one that is naturally formed by the reactants responsible for the production of the 

NW. As an example, the self-catalytic oxide-assisted growth of Si NWs will be reviewed. 

 

The oxide-assistance in Si NW synthesis refers to the SixOy (x, y = 1-8) formed 

when the Si and SiO2 precursor is thermally vaporized
4
. When compared to SiO2, the 

SixOy sub-oxide has an energy gap between highest occupied and lowest unoccupied 

molecular orbitals (HOMO-LUMO) of 2.0-4.5 eV which is significantly lower than that 

of SiO2 suggesting higher chemical reactivity of the SixOy. Additionally, the highest 

occupied molecular orbitals are primarily localized about the Si atoms of the SixOy so 

along with the low oxygen to silicon ratio there will exist a high reactivity for Si self-

bonding that exceeds tendencies to form Si-O or O-O bonds. Molecular clusters of SixOy 

will then be expected to join together at a high rate while forming Si rich regions within 

these clusters in the process. As a result of the need to reduce strain in the joint SixOy 
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clusters, the Si-rich regions will be located at the center as oxygen diffuses outwards 

leaving a Si-core, O-shell structure. Once an adequate number of SixOy clusters come 

together the Si-core will crystallize into a well defined lattice while the oxygen migrated 

to the outer surface remains amorphous. The <112> direction of Si is the one most 

conducive to crystal growth and so while the SixOy core-shell clusters exist in a wide 

range of orientations, it is the <112> oriented clusters which eventually produce NWs. 

Unidirectional growth is a result of both the preferential growth in the <112> direction 

and the prevention of growth laterally by the amorphous oxide shell. 

 

Halide-Cycle Reaction 

 

First proposed by R. Cech in 1961, the halide-cycle reaction describes the 

mechanism of Ni whisker formation through CVD from a NiCl2 precursor
5
. Beginning 

with nickel chloride hexahydrate, the initial step involves thermal vaporization and 

release of the moisture from the precursor the result of which is an oxidizing atmosphere 

causing oxide formation   

 

NiCl2(g) + H2O(g) → NiO(s) + 2HCl(g) 

 

As the moisture is driven off the atmosphere shifts to one that is reductive in nature and 

the NiO formed during the first stage is growth will be reduced to some extent thus 

revealing an amount of metallic Ni 
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H2(g) + NiO(s) → H2O(g) + Ni(s) 

 

Upon this freshly exposed Ni surface, additional Ni is likely to accumulate due to the 

preference for Ni-Ni bond formation 

 

H2(g) + NiCl2(g) → Ni(s) + 2HCl (g) 

 

Simultaneously the NiO will also be attached by HCl vapor present which acts to 

resupply the ambient with NiCl2 and moisture 

 

NiO(s) + 2HCl(g) → NiCl2(g) + H2O (g) 

 

The structure of the material formed at this point can be visualized as an oxide particle 

with a patch of metal at one or more points along its surface. At this point there are two 

interfaces to consider, that between the metal and vapor and between oxide, metal, and 

vapor. Considering highly localized reactions, in the region immediate to the center of a 

metallic patch the metal-vapor interface will be the site of the following process  

 

NiCl2(g) + cH2(g) → 2HCl(g) + Ni(s) 

 

Near this metal-vapor interface the initial ratio of hydrogen (the reductive species) to 

H2O (the oxidizing species) of 
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aH2 / bH2O 

 

becomes 

 

(a-c)H2 / bH20 

 

due to the consumption of hydrogen by the reduction process occurring there. 

Considering next the region immediate to the oxide-metal-vapor interface at the 

perimeter of a metallic patch, there are instead two processes to consider 

 

NiCl2(g) + cH2(g) → 2HCl(g) + Ni(s) 

 

NiO(s) + 2HCl(g) → NiCl2(g) + dH2O(g) 

 

Due to the additional reaction involving HCl and NiO, the ratio of reductive to oxidizing 

species differs at this interface and is given by 

 

(a-c)H2 / (b+d)H20 

 

The result of the differing reactions occurring at the metal-vapor and oxide-metal-vapor 

interfaces is a local ambient more reductive in nature near the center of the metallic 

portion of the Ni/NiO particle and more oxidizing in nature along the perimeter of the 

same metallic portion. Local ambient conditions will then favor incorporation of metallic 
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Ni at the center, but will lead to NiO formation along the edges. Continued growth far 

from the metallic portion, at the oxide-vapor interface, will occur at a significantly lower 

rate compared to an interface involving the metal due to the much lower activity of an 

oxide. If there is a balance in the respective rates of Ni and NiO growth, the resulting 

structure will be that of a metallic core surrounded by an oxide shell. Should the balance 

required by unidirectional growth be maintained for an adequate period of time a 

metal/oxide, core/shell 1-dimensional structure will be produced due to lateral 

confinement of the inner metal by the outer oxide. A shift in the ratio of reductive to 

oxidizing species favoring reduction will result in isotropic deposition of pure Ni, while a 

shift favoring oxidation will lead to NW tapering and termination once the metallic 

portion is fully encapsulated.  

 

5.2 Single Crystal Ni Nanowire Growth 

 

Highly-oriented, single-crystal Ni nanowire arrays have been synthesized atop 

amorphous SiO2||Si substrates using a single-step chemical-vapor-deposition method in 

the absence of any foreign catalyst. Electron and X-ray diffraction confirm the crystalline 

quality of the Ni nanowires while magnetoresistance measurements probe the magnetic 

response and the behavior is explained using simulation results for nanoscale, single-

crystal Ni. A growth mechanism involving competing chemical, energetic, and kinetic 

influences is presented.     
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Chemical-vapor-deposition (CVD) techniques represent a promising approach for 

the synthesis of a broad range of nanostructured materials, with a recent emphasis on 

nanowires (NWs). The realization of many NW applications requires efficient and 

economical NW synthesis techniques that preferably avoid the need for templates or 

costly single-crystal substrates, and also affords process adaptability. Towards this end 

we describe a single-step route for the reduction-type synthesis of nanostructured Ni 

materials using a thermal CVD method. By tuning the CVD growth parameters we can 

synthesize morphologically dissimilar Ni products including single-crystal horizontally- 

and vertically-oriented NW arrays which form atop untreated amorphous SiO2||Si 

substrates (Fig. 5.2.1). An understanding of the new properties that emerge in these NW 

materials and their relationship to function should lead to a broad range of applications 

based on high-surface-area transition-metal nanostructures such as catalysis
6-11

, fuel 

cells
12

, sensors
13

, batteries
3
, and magnetic devices

14
.  

 

The most common and well-studied CVD methods for NW synthesis have 

focused on the elemental semiconductors Si
1
 and Ge

15
, compound semiconductors 

including ZnO
16

 and InAs
17

, as well as functional materials such as C nanotubes
18

. The 

synthesis of these high-aspect-ratio materials typically relies on the vapor-liquid-solid 

(VLS) mechanism using foreign catalyst seeding and lattice-matched single-crystal 

substrates for morphological control and epitaxy-dependent vertically-oriented growth, 

respectively. In contrast, most transition-metal NWs are synthesized via guided electro-

deposition techniques where the metal is formed within pores of membranes such as 

anodized alumina or polycarbonate which can be subsequently removed to yield 
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freestanding NW arrays
19

. The development of an economically viable and scalable CVD 

approach for the synthesis of transition-metal NWs (e.g. Ni, Co, Fe) would enable their 

use in wide-ranging applications involving magnetic and catalytic functions.  Here we 

describe the synthesis of Ni nanostructures including free-standing, highly-oriented 

single-crystal Ni NW arrays using single-step CVD growth onto an amorphous SiO2 

surface. Such Ni and Ni-based materials are vital components in such processes as the 

steam reformation of CH4 in synthesis gas production
11

, tar reduction in lignocellulosic 

biomass conversion
6,8

, aqueous phase reform of sugars and sugar alcohols
9
, and 

electrochemical reduction of CO2 to synthesis gas
10

.  Ni-based NWs with high surface-to-

volume ratios would provide an increased density of designed active sites for surface 

reactions thereby increasing their efficiency in catalytic reactions.  

 

Our synthesis approach is based on a thermal CVD process which was extensively 

used in the 1950‟s and 60‟s for the growth of single-crystal whiskers and films of Fe, Co, 

Ni and their alloys and oxides using both hydrated and anhydrous metal-halide precursors 

such as FeCl2, FeBr2, CoCl2, CoBr2, NiCl2, and NiBr2
5,20-24

. Here, we extend this early 

work to achieve a significantly increased degree of morphological control with a focus on 

NiCl2*6H2O precursors for the growth of Ni nanostructures onto thermally grown 500-

nm SiO2||Si substrates.  

 

The Ni nanostructures are produced in an atmospheric-pressure thermal-CVD 

system consisting of a Lindberg Blue horizontal tube furnace through which quartz 

tubing is installed. An Ar carrier gas is flowed through the quartz tubing using an MKS 
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thermal mass flow controller while the downstream end of the CVD setup is closed off to 

outside atmosphere with a bubbler. For NW synthesis, approximately 1.0 g of 

NiCl2*6H2O precursor is loaded into a Ni boat and placed within the quartz tubing at the 

center of the furnace. Due to the corrosive nature of the vapor evolved during heating of 

the precursor, a boat constructed of high-purity Ni was chosen in order to avoid 

unintentional incorporation of foreign elements.  A series of 0.7 cm × 1.0 cm substrates 

are then placed downstream of the precursor in-line at distances of 3-15 cm. 500-nm 

SiO2||Si is the substrate material used in successful NW growth, whereas numerous other 

substrate choices (including crystalline substrates such as Al2O3, Si, and MgO in various 

orientations, as well as additional Si-based substrates such as pure SiO2, various sputter 

deposited metal-oxides on Si, and patterned SiO2||Si) have proven not to fulfill the 

specific requirements dictated by the NW growth mechanism. Ar is flowed through the 

CVD system at a typical rate of 10 sccm during NW growth. Preceding the NW growth is 

a baking step at 200˚C to alter precursor moisture content. The subsequent growth period 

proceeds for approximately 30 minutes at various temperatures between 600 and 750 ˚C, 

depending on the particular Ni product. Ideal growth temperature for vertically-oriented 

single-crystal Ni NWs has been determined to be 650˚C. The chamber is subsequently 

allowed to cool down naturally to room temperature while still sealed and maintaining 

inert gas flow. 

 

Shown in Fig. 5.2.1 are examples of two different Ni nanostructure phases. The 

first are vertically-oriented NWs (Fig. 5.2.1a) and the next are horizontally-oriented NWs 

(Fig. 5.2.1b), both of which are single-crystalline with well-defined orthogonal faceting.  
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The NWs can be grown with diameters ranging from 50 to 300 nm and lengths up to 5 

μm for the vertical NWs and 80 μm for the horizontal NWs. Vertical NW diameter and 

growth density can be further controlled through temperature adjustments.  Shown in 

Figures 5.2.1c and 5.2.1d are arrays of vertical NWs with densities of 0.1 NW/µm
2
 and 

0.3 NW/µm
2
, where the individual wires have average diameters of 100 nm and 250 nm, 

respectively.  

 

Detailed characterization of vertical NW structure and morphology is shown in 

Fig. 5.2.2.  Electron diffraction analysis reveals the NWs to be single crystalline with a 

growth axis in the <001> direction. The lattice constant of 0.352 nm is consistent with 

bulk cubic Ni. In addition to strong Bragg reflections, streaks are also visible in the 

diffraction patterns arising from abrupt Ni {001} surfaces. The presence of these surface 

truncation rods indicates an atomically smooth surface, which is also confirmed by high-

resolution imaging. X-ray diffraction finds uniform {001} orientation across arrays of 

NWs with a rocking curve width of the (002) Ni peak ∆θ50 < 0.4 degrees, demonstrating 

the highly uniform crystallographic orientation of the NWs over macroscopic areas.  

From scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

images (Fig.5.2.3), it is clear that these NWs are bounded by {001} faces and possess 

well-defined orthogonal faceting at the tops and along the sides. For the vertical NWs the 

cubic cross-section often tapers inward near the NW base creating an inverted pyramidal 

structure at the substrate-NW interface (the bounding sidewall faces at the tapering basal 

portion of the NW correspond to {110} crystallographic planes).   
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Figure 5.2.1 – Scanning electron microscope images of vertical and horizontal Ni NWs. 
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Figure 5.2.2 – Selected area electron diffraction pattern from a vertical Ni NW. 
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The horizontal NWs are similar in structure to their vertical counterparts: <001>-

oriented single-crystalline structure with bounding faces belonging primarily to the {001} 

planes and a cubic cross-section.  In some instances, faceting is present along lateral 

sidewalls exposing {110} crystallographic planes. The Ni (002) XRD rocking curve 

yields ∆θ50 < 0.4 degrees, again indicating orientational uniformity of the NWs with 

respect to the substrate. Typical in-plane NW densities are 0.01 NW/µm
2
.   

 

The formation of these highly anisotropic nanostructured Ni products depends on 

a subtle interplay of energetic, kinetic, and chemical influences. Here we outline 

observations relating to growth behavior and morphology of the vertical NWs which 

elucidate the mechanisms most likely key in leading to their formation (Fig. 5.2.3).  

 

The orthogonally faceted main body of the NWs (Fig. 5.2.3a) does not appear to 

play a role in the wire growth. Axial growth has been observed to dominate over lateral 

growth with vertical NWs elongating nearly linearly with time (~0.7μm/min.) while the 

NW diameter increases at a negligible rate during the same growth period. Additionally, 

the NWs show no signs of tapering or roughness along the sides or top facets of this 

segment. Because the {001} crystallographic planes bounding the NW section in 

question possess energy barriers to adatom attachment that are by far the lowest for “step 

down” from an Ehrlich-Schwoebel barrier and favor incorporation into a kink site over 

straight edges or corners, the expected growth mode would be 2D monolayer growth 

favoring completion of rectangular forms. However, the {001} plane to which all facets 

of this region belong requires substantially more energy to incorporate new atoms in 
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comparison to the {111} and {110} planes. It can be concluded that the orthogonally 

faceted sections of the NW, including top- and sidewalls, are stable and largely inert to 

appreciable amounts of growth, thus tending to maintain atomically smooth surfaces and 

a well-defined cubic morphology
25-27

. Accumulation of material contributing to NW 

growth is therefore expected to proceed at sites outside this inert region since the 

alternative would result in an isometric morphology.   

 

Having ruled out the main body of the NW as an active growth site, the next 

region to consider would be the tapered NW base which is bounded by {110} 

crystallographic planes (Fig. 5.2.3b). Here, the time constant for adatom attachment is 

approximately four orders of magnitude less than that of the {001} plane and thus 

represents a far more likely growth site
26

. Considering the tapered basal section of the 

NW as a series of adjacent atomic layers, each successive layer upward will have had 

some degree of additional time to accommodate mobile Ni atoms at its perimeter and in 

this way grow laterally. Upon reaching the diameter of the inert region, lateral growth 

would cease as mobile adatoms would prefer to step back down to the open {110} 

incorporation region. The downward tapering indicates a basal growth regime, but 

despite the energetic advantage over the NW body, this portion of the NW is not likely to 

be responsible for growth rate determination. The existence of downward tapering 

indicates that new material is being introduced to the NW at the very tip of the tapered 

region, and that this process occurs faster than the lateral growth in the incorporation 

region.  
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Figure 5.2.3 – Three regions of growing vertical NW. 
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The preference for atomic incorporation at the {110} region would presumably 

also dominate over the {001} oriented basal facet (in direct contact with the substrate 

surface). That this is nonetheless a site of rapid crystal growth indicates the presence of 

an additional influence.  The most likely growth-mediator for introduction of Ni to the 

growing NW is a laterally constrained film containing Si, which is an active material at 

small size scales known to promote NW growth where similar morphologies including 

single end tapering have been observed in other NW materials
28-30

. The Ni-Si system is 

also one through which Ni diffuses rapidly, with diffusivity approximately an order of 

magnitude greater than that of Si
31

. The existence of acute tapering at the base may 

reflect diminishing diameter of the active portion of the influx region and should not be 

considered to be a necessary consequence of the formation mechanism. Experimental 

evidence supporting the role of Si is the substrate choice. Among the many substrates 

studied, only thermally grown SiO2||Si yielded the well-controlled, vertical Ni 

nanostructures demonstrated here. This is due to a combination of appropriately low 

surface energy atop SiO2 that is several times lower than that of Ni or Si, as well as the 

influence of Si on the local ambient composition, especially formation of the growth-

mediating Ni-Si system
31

. Presumably, a requisite step in NW formation involves the 

liberation of HCl from the precursor through hydrolysis, which in turn leads to the 

formation of SiCl4 by reaction with the exposed edges of the Si substrate. A natural 

consequence is the observation of various edge-effects pertaining to NW diameter, 

growth rate, and density, which all increase towards the substrate edge and are 

phenomena commonly reported in NW synthesis
17

. Since Ni is rapidly transported out of 

the Ni-Si layer, what can be assumed to be left behind is a Si-rich deposit which is visible 
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in the form of a circular “puddle” on the substrate surface surrounding each NW base 

(Fig. 5.2.3c). Transition from a fully vertical orientation to a horizontal one at increased 

temperature is a result of the higher overall driving force. Formation of the Si-based 

mediation layer is no longer confined to the substrate surface thus circumventing the 

exclusively upward feed of Ni to the growing NW. 

 

In this section we have presented the morphologically controlled growth of Ni 

nanostructures, including oriented vertical NW arrays, through an economical and 

versatile CVD method.  This approach requires neither a single-crystal surface nor 

templates of any kind. Characterization of the Ni NWs confirms their exceptional 

crystalline quality and indicates their suitability for numerous wide-ranging applications.  

 

5.3 Ni Nanostructure Growth Phase Transitions 

 

Controlled isolation of four distinct growth phases of nanostructured Ni is 

demonstrated in a chemical vapor deposition process. These include core-shell structured 

Ni-NiO nanowires (NWs), horizontally oriented NWs, vertically oriented NWs, and fully 

isometric cubic crystals of Ni all obtained upon an amorphous SiO2||Si growth substrate 

from a single metal-halide precursor. Transmission electron microscopy indicates the 

horizontally- and vertically-oriented NW products to be high-quality single-crystals with 

a preferred growth axis along the <001> direction while the Ni-NiO core-shell NWs are 

polycrystalline metal at the center and surrounded by an outer oxide. The differing crystal 

structures are reflected in the magnetic response of each NW type as evidenced by 
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magntoresistance measurements. Detailed discussion of the formation mechanisms 

leading to each of the four nanostructured Ni products is presented. A general application 

of this non-epitaxial approach to forming metallic nanostructures of other transition-

metals is also discussed.   

 

The CVD of Ni nanostructures is performed in a horizontal tube furnace based 

system using NiCl2·6H20 as the source material. Shown in Fig. 5.3.1 is a phase diagram 

displaying scanning electron microsope (SEM) images of the four Ni nanostructures 

observed and depicting their relative dependence on growth temperature and precursor 

moisture content.  In the upper right corner Fig. 5.3.1d shows the Ni-NiO core-shell NWs 

obtained under the highest temperature and moisture level of the phases discussed.  These 

are isolated at a growth temperature of 720˚C using well hydrated precursor and direct 

introduction of growth materials into a pre-heated furnace. Lowering of the growth 

temperature to 700˚C along with use of identically hydrated precursor and direct 

introduction of growth materials into a pre-heated furnace results instead in the 

production of single-crystal Ni NWs oriented horizontally with respect to the substrate 

surface (Fig. 5.3.1c). Isolated growth of vertically oriented Ni NWs and Ni cubes 

(Figs.5.3.1b and 5.3.1a, respectively) is carried out by ramping temperature from 200˚C 

to optimal growth temperatures of 650˚C and 600˚C, respectively, at a rate of 

25˚C/minute following thorough thermal dehydration of the precursor at 200˚C. 

 

A. Structural Characterization and Growth Behavior  
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Figure 5.3.1 – Four Ni nanostructure growth phases. 
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The Ni-NiO core-shell NWs do not grow independently upon the substrate 

surface, but instead form in clusters out of Ni-NiO seed particles. These NWs have a 

metallic core portion which is completely enclosed by an oxide shell usually ~10 nm in 

thickness. The typical NW diameters range from 50 to 250 nm. The cross-section is 

circular with significantly more surface roughness compared to vertical and horizontal 

NWs. Selected area electron diffraction (SAED)  and transmission electron microscopy 

(TEM) imaging (Fig. 5.3.2) show that the metallic core portion of these NWs are 

polycrystalline with an average grain size of ~40 nm. The horizontal and vertical Ni NWs 

grow predominantly with cubic cross-sections although the horizontal NW surfaces tend 

to be rougher and the faceting not as clearly defined. The horizontal NW growth axis is 

along the <001> direction and the bounding faces typically belong to the {001} planes. In 

rare cases auxiliary morphologies, such as that shown in Fig. 5.3.3, are observed which 

grow instead with a hexagonal cross-section or faceting along sidewalls resulting in 

exposure of {110} planes. Vertical Ni NWs (Fig. 5.3.3) possess cubic cross-sections and 

display exceptionally well defined faceting. SAED determined the growth axis to be 

along the <001> crystallographic direction with a face-centered cubic unit cell of 0.352 

nm consistent with bulk Ni. Observations of surface truncation rods in SAED further 

indicate NWs bounded by atomically smooth surfaces. The top and side facets of vertical 

Ni NWs belong to the {001} planes while the tapering present at the NW base exposes 

{110} planes. X-ray rocking curves of the Ni (002) peak performed on both the as-grown 

vertical and horizontal Ni NWs produce full width at half maximum <0.4 degrees 

confirming the exceptional orientational uniformity across large areas. 
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Figure 5.3.2 – Polycrystalline Ni-NiO NWs. 
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B. Mechanism of Growth Phase Transitions  

 

Ni-NiO core-shell NWs are able to achieve exceptionally high aspect ratios due to 

a lateral confinement mechanism likely comparable to the halide cycle reaction proposed 

by Cech
5
 for Ni whisker growth or to the oxide-assisted growth mechanism observed by 

Lee, et al.
4
 in Si-SiO2 NWs. Both formation mechanisms share the common notion of 

forced anisotropic growth through lateral confinement by a relatively inert shell which 

serves to impede further material incorporation at its interface with the ambient. As the 

core portion of the NW is growing, there is concurrent formation of an oxide of the NW 

material around its perimeter (Fig. 5.3.4c). Were the NW material to form outside the 

presence of the confining outer shell it would be expected to maintain an isotropic growth 

mode resulting instead in a structure of aspect ratio close to one. However, in the 

presence of an oxide shell incorporation of additional NW material would preferentially 

adhere to the core portion of like material since the low activity of the oxide surface 

would not serve as a preferred attachment site.  

 

Lateral confinement requires a fine balance between oxidizing and reductive 

effects for the NW to elongate in the axial direction while maintaining a uniform 

diameter. As both a consequence and evidence of the lateral confinement type growth 

mechanism we observed several instances in which the local ambient composition 

immediately surrounding the growing portion of the NW fluctuated leading to an 

imbalance between oxidizing and reductive species and the accelerated deposition of 

either the inner metal or outer oxide. In situations such as these the imbalanced ambient  
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Figure 5.3.3 – SEM, TEM, and SAED of vertical and horizontal Ni NWs. 
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leads to disappearance of axial growth giving way instead to heightened lateral deviation 

from the NW diameter. A rapid outward blossoming of the metallic core or the tapering 

and closure of the oxide shell are representative cases of oxidation or reduction favoring 

ambient fluctuations. The polycrystalline nature of the NWs‟ metallic core and the 

examples of ambient fluctuation suggests NW formation in the absence of the confining 

outer oxide shell is unlikely. It is only the presence of and balance with an outer oxide 

shell that highly anisotropic uni-directional formation of a polycrystalline metal is 

possible.  As such, these Ni-NiO NWs serve as an illustrative example of core-shell 

structured lateral confinement type formation.  

 

A detailed formation mechanism for the vertically-oriented, single-crystal NW 

phase of Ni nanostructure growth has previously been proposed and relies on a laterally 

confined layer of Si-based material for growth mediation
32

. Preferential accumulation of 

Ni adatoms at Si-rich growth sites leads to anisotropic crystallization proceeding along a 

single direction. The Si responsible for NW formation is likely released from the cleaved 

sidewalls of the SiO2||Si substrates through reaction with corrosive vapor phase species 

evolved during precursor heating. One possible route of Si introduction involves 

liberation of HCl vapor through hydrolysis of the precursor followed by reaction with 

exposed Si on the substrates leading to evolution of vapor phase SiCl4. A process such as 

this would occur at temperatures as low as ~420˚C, substantially lower than the 

temperature range optimally conducive to growth of the Ni nanostructures studied
31

.  
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Horizontally-oriented, single-crystal NWs and isometric cubes which occur at 

respective driving forces above and below that of the vertically-oriented NWs 

demonstrate two instances of controlled deviation from the conditions most conducive to 

full vertical orientation. By regulating the introduction of both the Si and Ni containing 

species from the ambient to the substrate surface the formation mechanism of vertical 

NWs can be manipulated to yield these two related, but dissimilar products. A natural 

consequence of such a formation mechanism is the observance of various edge effects in 

both horizontal and vertical NW growth, though diameter distribution is fairly consistent 

presumably due to the Gibbs-Thomson and other similar effects. 

 

In understanding the specific causes resulting in each Ni nanostructure growth 

phase two distinct growth regimes relating to precursor moisture content can be 

established. The first is the high flux regime which can be characterized by the use of 

only lightly dehydrated precursor. Following a dehydration period of 10-20 seconds at 

200˚C under flowing Ar the precursor moisture content will be approximately 78 wt. %. 

With all other parameters remaining identical, in this case liberation of Ni from the 

precursor through reduction will occur at a substantially higher rate leading to a 

correspondingly high flux of Ni adatoms across the surface of the growth substrate. 

Conversely, a second low flux regime is characterized by the use of heavily dehydrated 

precursor. Following a 15 minute heating period under flowing Ar at 200˚C, the moisture 

content of the precursor is reduced to approximately 36 wt. %. The limited availability of 

moisture will, in turn, create an ambient less reductive in nature with respect to NiCl2, 

thus allowing only a low concentration of Ni atoms to adsorb onto the substrate surface. 
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Since it is these adatoms diffusing across the substrate surface that are most responsible 

for crystal growth in this and similar instances of low vapor supersaturation CVD, the 

resulting low flux of Ni adatoms across the  substrate surface dictates distinct growth 

behavior. 

 

Under the high-flux regime with a growth temperature of 720˚C, the first stage of 

Ni-NiO NW growth involves formation of large (several microns in diameter) Ni-NiO 

particles which lack definitive faceting and are characteristic of growth under a high 

driving force that is beyond the kinetic roughening transition. Resulting from a wave of 

moisture created in the heating of the hydrated precursor, an initial ambient very 

oxidizing in nature exists which provides conditions conducive to oxide particle 

formation. It is presumed that as the precursor becomes subsequently dehydrated only 

minimal back diffusion of moisture condensed in a cooler, downstream portion of the 

furnace serves as an oxidation source leading to a shift of the ambient to one more 

reductive in nature. At this point conditions become favorable for the dominant 

deposition of metallic Ni, though still under a fairly high temperature dependent driving 

force. Adatom flux across growth substrates is adequately high at this point such that 

growth rate is rapid enough to prevent defined faceting in isolated crystals. Instead, large 

polycrystalline deposits are favored thus allowing NW formation only through the lateral 

confinement mechanism of a Ni-NiO core-shell structure.  

 

Still within the high flux regime, a lowering of growth temperature to 700˚C 

brings the growth rate down below the kinetic roughening transition allowing layer 
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growth to dominate. Since the growth materials are introduced directly to the ultimate 

growth temperature, various growth processes begin simultaneously including the 

nucleation of Ni crystals and formation of Si-based clusters which are responsible for 

growth mediation. Lacking an established order of arrival between the Ni nuclei and Si 

clusters the Si adatoms will encounter both SiO2 and Ni surfaces. The higher surface 

energy of the Ni surfaces will ensure preferential wetting by the Si adatoms over the 

lower energy SiO2 surfaces. Occurrences of Si/Ni/SiO2 interfaces are in this way 

maximized at the expense of those solely involving Si and SiO2 surfaces. The Si-based 

material wetting Ni nuclei then serve as sinks for Ni adatoms creating single points of 

high Ni concentration and rapid Ni growth that provides the anisotropy necessary to 

promote NW formation over that of isometric crystals. Ni nuclei at the point in time 

during which they encounter the Si-based mediator possess a size and morphology that is 

not of a fully formed and cleanly faceted crystal. The nuclei at the point of initial Si 

encounter are likely comparable in size to the arriving Si clusters adsorbing upon them 

thus circumventing the possibility of the Si wetting one facet over another. Concerns 

regarding Si wetting and growth originating from the “top”  instead of the “side” of a Ni 

crystal, for example, is therefore not of primary concern. The results are isolated single-

crystal Ni NWs with fairly well defined cubic cross-sections which grow oriented in the 

plane of the growth surface and very rarely display branched growth behavior. This 

process is schematically illustrated in Fig. 5.3.4a. 

 

Moving to the low flux regime and the use of a ramping step from 200˚C to a 

final growth temperature of 650˚C allows achievement of isolated single-crystal Ni NWs 
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which possess an orientation perpendicular to the surface of the growth substrate. 

Vaporized precursor material reacts with Si from the substrate and liberates it into the 

vapor phase at temperatures as low as ~420˚C, well below the final growth temperature. 

At these lower temperature levels, trace amounts of Si released into the vapor phase will 

adsorb onto the substrate surface leading to formation of Si clusters atop the SiO2 

substrate. Since there are no Ni crystals formed at this point, the evolved Si will wet the 

SiO2 surface instead of forming a Si/Ni/SiO2 interface as in the case of horizontally 

oriented NWs. When furnace temperature approaches the ultimate growth temperature of 

650˚C, substantial Ni deposition proceeds. The already deposited clusters of Si-based 

material, likely in the form of a laterally confined film, serve as preferred sites for Ni 

nucleation and growth. Upon formation of a Ni nucleus there are now two coupled 

SiO2/Si and Si/Ni interfaces which progresses in the stated order moving outwards from 

the substrate surface. The Si/Ni interface is again the point of rapid Ni incorporation and 

crystallization leading to an anisotropic growth mode similar to the horizontal NW case. 

However, the clear step-wise order of arrival for the Si-based mediator and the 

subsequently deposited Ni serves to maintain the aforementioned stacking of two coupled 

SiO2/Si and Si/Ni interfaces promoting an upward feed of crystallizing Ni in turn leading 

to the very distinctive vertical NW orientation. Group IV materials such as Si tend to 

have very limited surface diffusivities, so once a cluster wets the SiO2 surface it will tend 

to maintain its position. Unlike the case of horizontal NW growth, there was not an 

alternative higher energy surface present and so the NW growth orientation is determined 

by coupled SiO2/Si and Si/Ni interfaces rather than a single convergent three-part 
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Si/Ni/SiO2 interface. The process of vertical NW formation is schematically illustrated in 

Fig. 5.3.4b.  

 

Further evidence supporting the proposed role of Si in single-crystal NW and 

cube formation is the detected presence of up to 3 at.% Si at the NW tip using energy 

dispersive x-ray spectroscopy (EDX) compositional analysis (Fig. 5.3.5). Only scans 

performed on a localized region at a single end of the NWs produced such substantial Si 

signals while all other portions of the NWs yielded Si content <1 at. %. The detection of 

Si in the amount of several atomic percent only immediate to single tip is believed to 

indicate the location of the Si/Ni growth interface responsible for anisotropic crystal 

formation. A consequence of the Si doping in single-crystal Ni NWs is a suppression of 

residual resistance ratio to a typical value of resistance300K/resistance10K ~ 4 which is due 

to the number of scattering sites persistent at low temperature. Conversely, core-shell 

NWs show higher residual resistance ratios of resistance300K/resistance10K ~ 8 in spite of 

their polycrystalline nature. This observation, coupled with the inability of EDX to detect 

Si in the core-shell NWs, is a further suggestion that the Si content is substantially lower 

than that of the single-crystal NWs and the formation mechanism is thus based on lateral 

confinement rather than a Si-based mediator.  

 

At driving force below that needed for NW formation Ni deposition at a growth 

temperature of 600˚C with the inclusion of temperature ramping from 200˚C in the low 

flux regime results in a fully isometric cubic morphology which is characteristic of 

<001>-oriented single-crystals with {001} bounding planes. These products possess  
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Figure 5.3.4 – Formation mechanisms of each NW growth phase. 
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Figure 5.3.5 – Elemental mapping of vertical Ni NWs. 
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controllable dimensions from tens to thousands of nanometers. It is expected that despite 

the isotropic nature of this growth form, the Si-based mediator responsible for single-

crystal NW formation is indeed present due to its tendency to evolve at temperatures well 

below the growth temperature. Since it can be expected to evolve at temperatures lower 

than that required for appreciable Ni nucleation and growth, the Si-based material will be 

the first in order of arrival to the SiO2 growth surface. In contrast to the cases of uni-

directional NW growth, the presence of a Si-based mediator does not noticeably promote 

anisotropic structure formation at this decreased temperature due to the lower 

concentration of Ni adatoms on the substrate surface. The low flux of Ni atoms to the Si-

based clusters does not afford a high enough rate of directed Ni precipitation out of the Si 

to allow Si mediated growth to dominate over direct incorporation of Ni adatoms onto a 

crystal facet. Anisotropic growth is therefore not observed as growth occurring at the 

Si/Ni interface is not sufficient to dominate over unmediated lateral growth along other 

sections of the Ni crystal.    

 

C. General Applicability of Formation Mechanism 

 

The formation mechanism of the core-shell structured polycrystalline NWs is 

clearly one that is suitable for NW growth of various materials systems as evidenced by 

previous reports of oxide assisted Si NW growth. Consideration of the single-crystal NW 

phases leads to the same conclusion of general applicability. The NW formation 

mechanism discussed is not material specific as it is the relative properties and interplay 

of substrate, mediator, and NW material along with the deposition parameters which 
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assume the greatest importance. Observations of both vertically- and horizontally-

oriented NW growth have been reported for such systems as Au catalyzed ZnO NWs
33

 

and the exceptionally well controlled example of AuxPdy NWs
34

 both grown epitaxially 

upon Al2O3 substrate. Deposition upon amorphous SiO2 instead of costly single-crystal 

substrates negates the need to lattice match between substrate and NW material, thus 

allowing greater versatility in determining deposition surface and especially deposited 

material. Since surface diffusion length is enhanced upon SiO2 in comparison to most 

common substrate choices increased ability to control adatom flux to growth interfaces 

responsible for anisotropy is achieved and another constraint removed. The combined 

result is a general method with minimal constraints applicable to many materials systems 

of which the current study is a single example. 

 

A series of four distinct nanostructured growth phases of Ni has been 

demonstrated through deposition in a simple CVD system from an identical metal-halide 

precursor. In order of decreasing driving force, we are able to controllably isolate the 

growth of polycrystalline Ni-NiO core-shell structured NWs, single-crystal Ni NWs 

oriented horizontally upon the substrate surface, single-crystal Ni NWs oriented 

vertically upon the substrate surface, and fully isotropic Ni cubes. The Ni-NiO core-shell 

structured NWs rely on a lateral confinement type formation mechanism in order to 

achieve axial-biased growth. Both horizontally- and vertically-oriented single-crystal Ni 

NWs rely on a Si-based mediator for anisotropic formation at a Si/Ni growth interface. 

Differentiating the respective orientations of the two relative to the substrate surface is 

the order of arrival for Si and Ni species to the growth site. 
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Of particular importance is the establishment of a detailed methodology 

concerning the three NW growth phases which successfully relates specific experimental 

growth parameters, underlying formation mechanisms, and electrical and magnetic 

properties. This study of Ni nanostructure growth phases readily lends itself to a 

generalized approach for nanostructure growth and should produce positive impact on 

development of future generation nanomaterials. 

 

5.4 Nickel Self Diffusion 

 

The surface diffusion of an adatom  involves “hopping” from one open site to a 

nearest neighbor site, a process that must overcome some activation energy Ea
26

. The 

frequency of these hopping events is given by f ≈ (kT/h) exp[-Ea/kT], where k is the 

Boltzmann constant and h is Planck‟s constant. From the hopping frequency, the time 

constant of a hopping event will be τ = 1/f.   

 

The diffusion of Ni adatoms on the surface of a growing Ni crystal is a vital 

component in determining the structure and morphology of the final Ni product. In the 

case of a face centered cubic (FCC) metal, the greatest likelihood is that the bounding 

surface will belong to either the {100}, {110}, or {111} set of planes. Since each one of 

these sets of planes features a unique atomic arrangement the sites upon which diffusing 

species may reside and the pathway they must travel when moving from one site to 

another is similarly unique.  
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On the {111} surface has three-fold rotational symmetry where the atoms are arranged in 

a hexagonal pattern over three layers where the second layer is shifted left with respect to 

the first layer and the third layer is shifted right. Following the third layer of atoms the  

sequence is repeated with the fourth  layer residing in the same position as the top most 

layer. Adatom binding sites on this {111} surface exist directly above the second layer 

atoms, known as hexagonal close packed (HCP) sites, and directly above the third layer 

atoms, known as FCC sites. From each of these binding sites there are three equivalent 

nearest neighbor sites to which an adatom may jump. It is generally accepted that a small 

difference in binding energy exists between the HCP and FCC sites which is about 

0.017eV in the case of Ni. 

 

The {110} surface has two-fold symmetry with a top layer of atoms arranged in a 

rectangular array and a second layer of atoms also arranged in a rectangular manner with 

each of its atoms located below the center of the top layer rectangles. For both the top and 

bottom atomic layers the long axes are oriented in the same direction. This configuration 

leads to two distinct pathways for diffusing species, along the channel formed when 

traveling along the short axis of the rectangle and across the channels when traveling 

along the long axis direction. Though all the binding sites on this surface are identical the 

difference in energy required to move along and across the channels is large enough to 

consider each direction of travel independently. 
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Like the {110} surface, the {100} face of Ni has two repeating layers. The top 

and bottom layers of atoms are arranged in a square pattern with the bottom layer atoms 

positioned at the center of the top layer squares leading to four-fold symmetry. Binding 

sites in this case have four equivalent nearest neighbor sites to which an adatom may 

travel. 

 

On the {100} face, Ni adatoms in the preferred four-fold hollow site must 

overcome an energy barrier of 0.61eV to reach a nearest neighbor site located 2.49Å 

away. Other processes such as the diffusion through exchange with a lattice atom are 

substantially less likely due to higher energy barriers, about 1.35eV in the case of 

exchange. Like adatoms on the {100} surface, those on the {110} surface will prefer 

residence in a symmetric hollow site. One path for diffusion across the {110} surface is 

along the long axis, or cross channel, direction which involves a 3.52Å jump between 

hollow sites. The short axis, or through channel, direction requires a jump of just 2.49Å. 

Hopping events in the cross channel direction requires a substantially higher activation 

energy of 1.30eV compared to the 0.39eV needed in the through channel direction. 

However, the adatom-lattice atom exchange process in this case requires an energy of just 

0.42eV, which is very close to that of through channel diffusion. The result is that cross 

channel diffusion becomes comparable to through channel diffusion, though the 

mechanism involves exchange rather than direct hollow to hollow hopping. The three-

fold hollow sites of the {111} face are distanced 2.48Å apart, though there are two 

distinct sets of sites designated HCP and FCC as mentioned earlier. The HCP hollow 

sites have Ni atoms directly beneath and are generally less favorable sites than the FCC 



99 

 

 

hollows which reside directly above a vacancy. Jumps from one FCC site to another are 

exceptionally easy with an energy barrier of just 0.05eV.  Any position exchange with a 

lattice atom in this case is highly unlikely since a much larger energy of about 2.15eV is 

needed.  

 

In order to gain a clearer picture of how the surface mobility of adatoms affects 

crystal growth in each of the respective surfaces discussed the various energies associated 

with the growth process must be examined. Incorporation of new atoms into the growing 

crystal can be visualized in terms of two mechanisms, a two-dimensional “layer growth” 

mechanism and a three-dimensional “island growth” mechanism. Assuming a fully 

formed starting surface, further growth will begin with formation of an island containing 

edges, corners, and kinks. Whether an adatom tends to reflect or attach from these sites 

on a two-dimensional layer and wheter an adatom will step up to or down from a three 

dimensional island step will determine the type of growth favored on a given 

crystallographic plane. 

 

Beginning with the {100} surface the process of moving down a growth layer 

requires 0.70eV at a kink site and 0.95eV at edge and corner sites. Moving up a growth 

layer is a higher energy process requiring 1.40eV at a kink and1.31eV at edge and corner 

sites. Comparing these energies to the 0.57eV needed for an adatom to attach itself to an 

edge site and the 0.98eV needed for detachment from the same location a clearly favored 

growth mode is predicted. Two-dimensional layer growth should be generally favored 

when lower energy adatoms are introduced at a modest rate allowing atoms time to settle 
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into preferred locations. Of course, high enough adatom energy and flux will force three-

dimensional island growth.  

 

On the {110} surface the process of stepping up onto a new layer or stepping 

down from one primarily occurs through exchange between a lattice atom and adatom. 

The direct step down process requires 1.33eV in the long axis direction and 0.75eV in the 

short axis direction, while step down through exchange needs only 0.69eV. Step up 

energies are higher all around, with the corresponding exchange mechanism requiring 

1.37eV. At an edge site direct attachment requires 0.35eV while detachment needs about 

0.65eV. Like the {100} surface, two-dimensional layer growth is expected in the low 

energy, low flux regime. 

 

Attachment to an edge on the {111} face , similar to diffusive processes on this 

surface, is a very low energy event requiring just 0.02eV while detachment needs 0.77eV. 

As in the {100} and {110} cases, the step down energy is much lower than that of step 

up, with energies of 0.23eV and 0.77eV, respectively. Again, layer growth is strongly 

favored when within the low energy and flux regime. 

 

Comparing the three different surfaces to one another it is found that adatom 

attachment energies are by far the lowest for the {111} surface, with that of the {110} 

higher and {100} higher still, though the energies corresponding to the latter two are an 

order of magnitude greater.  The barrier to self diffusion across each face follows an 

identical trend where Ea{111} < Ez{110} < Ea{100}.  The exact values given here are 
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different than many reported in the literature, but the comparative trends between each 

crystallographic face are highly prevalent. In general, a number of conclusions can be 

drawn regarding diffusion and growth behavior under simplified conditions (i.e. 

disregarding other factors such strain and surface energy considerations). Growth rates 

should be greatest by far for the {111} surface leading to rapid disappearance of {111} 

facets in favor of {110} facets to a lesser extent and {100} facets to a greater extent.  

Furthermore, the overall growth rate should become diminished once a crystal becomes 

fully bounded by {100} facets since such a structure is energetically the most stable one.  

 

5.5 Si Etching 

 

The introduction of Si from the substrate and into the ambient is possible through 

a number of different routes due to the complex nature of the growth environment and the 

myriad of chemical species involved. That said, the general result is known through 

empirically derived conclusions and from that a mechanism of greatest probability can be 

proposed for the process by which Si is liberated from the growth substrate and re-

deposited atop the SiO2 surface. 

 

As mentioned in the Substrate Studies section, all other parameters remaining 

constant, it was only thermally grown SiO2||Si substrates which allowed single crystal 

NW formation. Since fully polished, atomically smooth fused quartz wafers were not 

suitable in the same way that Si wafers first cleaved then oxidized were unsuitable, the 

necessity of the exposed Si at the bottom layer is indicated. SiO2 is the only stable oxide 
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compound formed by Si when employing the oxidation techniques under discussion. 

Furthermore, the inert nature and general surface properties of both the fused quartz and 

thermal oxide are contested to by the similarities in the deposit upon each one under 

identical conditions. For example, the size and distribution of Ni particles formed on the 

fused quartz and thermally grown SiO2 were identical. Since the stable nuclei size and 

collection region (dictating nucleus separation distance) are both determined by surface 

energy and smoothness the consistency between the noted size and distribution suggests 

similarly consistent growth surfaces. Additional profilometry and spectroscopy analysis 

did not yield further insightful information. 

 

When growing vertically oriented Ni NWs onto SiO2||Si substrates a temperature 

ramping step is included. It was found that when employing an identical ramping rate the 

ideal starting temperature was below 400˚C. Substantial Ni deposition is not observed 

until temperature is greater than 600˚C, yet ramping the temperature from ~500˚C was 

not conducive to a vertical orientation. The time period during the temperature increase 

from 500˚C to the ultimate growth temperature of 650˚C is thus not adequate in providing 

the amount of Si needed to mediate the upwardly directed crystallization of Ni. 

Increasing temperature from below 400˚C (i.e. 350˚C or below) tends to be substantially 

more successful in producing a vertical orientation. The dwell time at temperatures below 

~400˚C, however, did not reveal any direct consequences in the final NW product outside 

of moisture related effects. (Additional studies involving a period of growth at set lower 

temperatures (i.e. 200˚C, 300˚C, 400˚C, 500˚C for 5-60 minutes) followed by direct 

introduction of growth materials into a preheated furnace at the vertical NW growth 
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temperature of 650˚C did not produce vertical NW growth. In this case the required 

exposure of growth materials to outside atmosphere is likely accountable and conclusions 

can thus not be made.)  

 

In this situation, the conclusion can be made that Si is introduced starting from 

~400˚C and that the Si introduced during the time period of temperature increase from 

~400˚C to 650˚C is in the amount needed for vertical NW growth. An additional 

conclusion is that at temperatures as low as about 400˚C the Si introduction process is 

occurring. This final conclusion provides considerable insight into the mechanism by 

which Si is transported from the cleaved sidewalls of the substrate to the top of the SiO2 

growth surface. One such mechanism is the reaction of Si with chlorine gas, very similar 

to a standard reactive ion etching recipe for doped Si wafers and a process known to 

occur at temperatures near 420˚C in the CVD case. 

 

Undoped Si tends to etch very slowly in either a Cl or Cl2 atmosphere
35

. In 

contrast, the etch rates of doped Si or polycrystalline Si tend to me much higher when 

exposed to atomic chlorine. The latter case involves the lower density and greater 

prevalence of diffusive pathways while the former case is due to the availability of 

mobile charge to aid in bonding activity. The Si wafers used for NW growth are single 

crystalline, but in every case were heavily n-doped primarily because of this wafer type‟s 

availability due to prevalence in semiconductor applications. In the case where electron 

contribution from dopants is substantial atomic Cl will first chemisorb onto the Si 

surface. It is unlikely that the Si-Si bond can be broken, but the availability of negative 



104 

 

 

charge allows the surface Cl to bond ionically with the Si. A highly volatile SixCly 

product is thus formed with SiCl4 being the expected dominant compound. The ionic 

nature of this compound allows it to readily desorb from the surface of the bulk. While in 

the vapor phase a combination of the elevated temperature and presence of reductive 

hydrogen will lead to dissociation of the SixCly and thus its introduction to the SiO2 

growth surface. 

 

5.6 Substrate Studies 

 

In studying the growth behavior of Ni NWs, a series of substrates were tested as 

part of the growth parameter refinement process. Since NW formation, particularly in the 

present case, is highly complex involving subtle balances between chemical, energetic, 

and kinetic influences it is extremely difficult to isolate specific, detailed processes 

within the broader growth process as a whole. The approach taken is therefore one 

focused more on ultimate outcomes and empirically obtained data and observations.  

 

A series of growth substrates were tested under varying parameters based on 

observations made regarding the morphology of the deposit. For example, in cases where 

the deposition rate was exceptionally high or the morphology was particularly rough the 

indication of a kinetically dominant process was noted and subsequent growth runs were 

tuned to reduce incoming flux and so forth. Baseline comparisons between different 

substrates are best done under the following conditions: temperature of 700˚C, direct 

introduction of growth materials into a pre-heated furnace, duration of 30 minutes, 
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substrate placement at 5-15cm downstream of the source, fully hydrated precursor. The 

conditions described lead to a very robust mixed phase growth on SiO2||Si substrates 

which includes both vertically and horizontally oriented single crystal NWs.  

In order to avoid repetitive discussions the range of substrate options will be summarized 

to include only representative samples of general types rather than each specific substrate 

material. The general types include the following: SiO2||Si grown through dry thermal 

oxidation (at 1000˚C and including oxide thicknesses ranging from 50nm to 800nm), 

SiO2||Si grown through wet oxidation (commercial source, 500nm oxide thickness), 

<100> oriented Si wafers with native oxide, sputtered SiO2 on Si wafers, sputtered SixNy 

on Si wafers, single crystal MgO (various orientations including <100> and <110>), 

single crystal Al2O3 (various orientations including c- and a-plane), sputtered metal-oxide 

thin films on Si wafer (including CuxOy, NixOy, FexOy, AlxOy, and TixOy of various 

composition and thickness), metallic thin films on Si wafer (including Ti, W, Ta, Ru, Cu, 

Al, Ni, Fe, Co of varying smoothness and thickness), fused quartz wafer, patterned Si 

(micron-scale pillars), patterned SiO2||Si (micron-scale pillar and trench arrays), and 

commercial Si2N3||Si wafers. 

 

The results can be summarized as follows, only SiO2||Si (produced through either 

dry thermal oxidation in-lab or commercial wet oxidation) in which the cleaved substrate 

pieces exposed unoxidized Si allowed single crystal NW growth. <100> oriented Si with 

only the native oxide produced a very thick, porous deposit of metallic Ni. Sputtered SiO2 

on Si did have unoxidized Si exposed at the cleaved substrate sidewalls, but resulted in a 

very dense array of poorly defined, isometric Ni crystals. Sputtered SixNiy on Si also had 
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unoxidized Si exposure at the substrate sidewalls and yielded an array of Ni crystals 

similar to that obtained upon sputter deposited SiO2. Single crystal MgO, regardless of 

orientation, produced a very rough and somewhat porous thick film of Ni. Single crystal 

Al2O3 behaved similarly to MgO with a possible difference being a slightly lower 

amount of deposited Ni. Sputter deposited metal-oxide films on Si, all of which 

possessed unoxidized Si sidewalls, produced similar arrays of poorly defined Ni crystals 

with a large size distribution. Metallic thin films sputtered onto Si, where the unoxidized 

Si sidewalls were present, led to similar thick Ni film formation with very large and 

porous grains. Fused quartz wafers polished to ~1.5Å surface roughness resulted in 

virtually no deposition with only a small number of particles of random size and 

distribution present, but no observance of material formed obviously due to nucleation 

and growth on the substrate surface itself. Finally, patterned SiO2||Si and Si2N3||Si, 

regardless of pattern, demonstrated a strong tendency to form polycrystalline aggregates 

directly about patterned features such as edges and corners. 

 

From the results noted above a number of useful generic trends are indicated. 

Whenever surface roughness exists to a significant degree, nucleation points are 

artificially introduced which force crystal growth at sites not conducive to NW formation. 

Rather than crystallizing through the aide of the Si-based growth mediator, substrate 

surface defects such as abrupt grain facets and boundaries act as alternative preferred 

nucleation points thus allowing a bypass of the NW formation mechanism. Sputtered thin 

films, in particular, tend to cause such a result. Similarly, elevated surface energies and 

more chemically active materials will also produce excessive nucleation rates which 

http://en.wikipedia.org/wiki/%C3%85
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outpace the much slower process of Ni crystallization out of Si. Compared to the low 

energy and exceptional inertness of the SiO2 surface, most other materials studied here 

would tend to favor nucleation events to a much greater extent. Finally, much like the 

case of surface roughness on a larger scale, the presence of patterned features on the 

growth surface heavily favors deposition at concave facet junctions. With no chemical or 

energetic change in the surface, the cause for accumulation of deposited material in this 

case can be traced to the increased probability of collisions between diffusing species and 

so the greater frequency of stable nucleation events.       

 

5.7 Ni Alloy Nanowires 

 

Using the single-crystal Ni NW growth parameters and formation mechanism as a 

starting point, incorporation of an alloying element can be achieved to varying degrees 

depending on the specific materials system. NixMy (where M = Co, Fe) alloy NWs have 

been demonstrated with characterization primarily limited to SEM and EDX analysis. A 

solid solution is assumed based on the energetic and chemical likelihood of such a 

scenario, especially given the CVD growth conditions and the nature of these materials.  

 

The baseline process in alloy NW growth is the formation of pure Ni NWs. Here, 

Ni crystallization out of the Si-based mediator needs to be the rate determining step. For 

this to be the case, temperature must be controlled such that in addition to Si introduction 

the precipitation of Ni out of the Si, a diffusive process, must occur at the proper rate. 

This Ni-Si crystallization rate (corresponding to the axial growth rate) needs to be 
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substantially higher than the lateral growth rate, the rate at which Ni adatoms incorporate 

directly into the Ni crystal. Lateral growth is then a function of adatom flux and diffusion 

length, where the former needs to be at a specific value and the latter needs to be 

sufficiently high. Too low a Ni flux and the feedstock for the Si mediator is inadequate to 

allow precipitation within the required time frame. Too high a Ni flux and the 

independent formation of Ni nuclei will overwhelm the Si mediated crystallization 

causing isotropic crystal growth. The diffusion length needs to be sufficiently long in 

order for adatoms to reach the Si sites rather than depositing on lateral facets. Initial 

alloying experiments of Co and Fe into the Ni NWs requires the foreign elements to be 

introduced in a manner compatible with the general framework of Ni formation 

summarized above. Particularly, the flux and diffusion length of alloying species must be 

acceptably close to that of Ni. 

 

Initial Co alloying was done by simply starting with a precursor composed of 50 

wt.% NiCl2*6H20 and 50 wt.% CoCl2*6H20 in a high purity Ni boat. Both precursor 

compounds have very similar vapor pressures (10
-4

 Torr achieved at temperatures of 

444˚C for NiCl2 and 472˚C for CoCl2) which allows a certain degree of direct 

interchangeability. At a growth temperature of ~680˚C CoNi NWs are obtained with an 

approximate Co content of 10 at.% that is uniformly distributed as far as EDX detection 

is able to determine. There Co10Ni90 NWs are oriented out of the substrate plane in a 

random manner and display an elevated degree of surface roughness compared to Ni 

NWs grown under optimized conditions. By raising the temperature to ~700˚C the Co 
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content in CoNi NWs is increased to about 30 at.%. The morphology and general growth 

behavior of these Co30Ni70 NWs is identical to the Co10Ni90 NWs.  

 

Initial Fe alloying was studied first by simply starting with a precursor composed 

of 50 wt.% NiCl2*6H20 and 50 wt.% FeCl2*4H20 in a high purity Ni boat. Contrary to 

the CoNi case, the iron source used here has a much higher vapor pressure than the nickel 

source (10
-4

 Torr at 300˚C for FeCl2 and 444˚C for NiCl2). However, the results from 

such conditions at 700˚C produced Ni NWs with a nearly undetectable trace amount of 

Fe. It was found that at the same growth temperature the addition of Fe foil to the source 

allowed an increase of Fe content to ~5 at.%. These Fe5Ni95 NWs grow with an 

orientation fully horizontal with respect to the substrate surface and a fairly smooth 

morphology. 

 

A number of useful conclusions can be drawn from the initial Ni alloy synthesis 

experiments involving Co and Fe. These early results involving the alloying of materials 

compatible with the general Ni NW process indicate the possibility and promise of 

controlled composition in a variety of alloy NWs.   

 

5.8 Vertically Oriented CrSi Nanowires 

 

The proposed formation mechanism for vertically- and horizontally-oriented Ni 

NWs involves discussion concerning the order of arrival of Si in relation to Ni. It is 

believed that with the temperature ramping step the Si is liberated from the bottom layer 
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sidewalls of the substrate and introduced to the silicon dioxide top layer before arriving at 

the ultimate growth temperature at which point substantial Ni deposition is achieved. 

Experimental results indicate that it is only with the inclusion of this temperature ramping 

step that NWs possessing a vertical orientation can be fully isolated. Similarly, it is only 

when growth materials are introduced directly into a pre-heated furnace that horizontal 

NW growth can be completely isolated. Both techniques, temperature ramping and pre-

heating, can easily yield a mixed phase growth containing both vertical and horizontal 

orientations if the other relevant parameters are not properly adjusted, but even so the 

temperature ramping will more heavily favor vertical growth while pre-heating the 

furnace will show a preference for horizontal growth.  

 

Following the order of arrival theory, the growth of CrxSiy NWs has successfully 

been tuned to produce a substantial percentage of vertically-oriented NWs following a 

temperature ramping step. As in the case of Ni NWs, the CrxSiy NWs are grown from the 

corresponding metal-halide precursor that is in a hydrated state (CrCl2*6H20). The NW 

formation was only possible on SiO2||Si substrate in which the cleaved sidewalls of the 

substrate exposed unoxidized Si, thus providing a supply of elemental Si for reaction with 

chlorine. By ramping the furnace temperature from 200˚C to a final growth temperature 

of 700˚C a majority percentage of vertically-oriented NWs are obtained. Otherwise 

identical conditions where the furnace is pre-heated to 700˚C prior to introduction of 

growth materials did not result in the well defined array of vertically oriented CrxSiy 

NWs. Instead, the NWs obtained in this case tended to be directed in random directions 

out of the substrate plane. The ability to control the general orientational tendencies in  
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Figure 5.8.1 – CrSi NWs with a vertical orientation. 
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CrxSiy NW growth serves as a confirmation of the growth mechanism proposed for Ni 

NW formation and the transitions between the various Ni growth phases.     

 

The exact Si content as determined by EDX seems to be about 66 at.% which 

suggests the formation of chromium silicide (CrSi2) NWs. However, the surface 

roughness observed on these NWs is indicative of substantial lateral growth with the 

laterally incorporated material possibly of a composition very dissimilar from the core 

NW structure. Further EDX analysis following etching of the outer portions of the NWs 

did not provide the resolution needed to fully elucidate the composition and x-ray 

diffraction studies were also inconclusive as no clear evidence of a particular phase was 

noted. If it is the case that the NWs obtained belong to the CrSi2 phase, the amount of Si 

liberated from the substrate would have to be considerable. The amount if Si incorporated 

in the case of Ni is well below 1 at.% and no observations of Si deposition were observed 

outside the Ni NWs. Such a large amount of Si present in the growth of CrxSiy NWs 

could be indicative of a different route of Si liberation that occurs on a much greater scale 

and at greater rates.  
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Chapter 6 

 

Magnetic Properties 

 

The most obvious property of Ni is its intrinsic ferromagnetic nature. 

Ferromagnetism has been successfully applied to useful technologies for thousands of 

years already and in the case of nanostructured Ni this will likely continue to be the case. 

This chapter will begin with a summary of magnetism in general followed by giant 

magnetoresistance in relation to spin valves. Magnetoresistance behavior of both single 

crystal and polycrystalline Ni nanowires will be discussed in relation to the structure and 

formation mechanism of each respective type of nanowire.  

 

6.1 Magnetism 

 

Magnetic moment has contributions from both the spin and orbit of an electron. 

The moment due to electron orbit can be taken from a comparison of the orbiting electron 

to a current loop giving the orbital moment as μorbit = (loop area = πr
2
)(charge flux = e/c · 

v/2π
r
), where r is the radius of the loop, e the electron charge, and v the electron velocity. 

Relating the moment to the electrons angular momentum through the Planck constant 

leads to the typical formulation for magnetic moment of μorbit = eh / 4πmc, the moment 

due to the first orbital. The moment arising from and electron spin is μspin = eh / 4πmc,
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which is identical to μorbit. This quantity is thus a natural measure of magnetic moment 

and is known as the Bohr magneton denoted μB. 

  

Diamagnetism 

 

  A diamagnetic material is one in which the moments of all the electrons cancel 

each other out leaving no net moment in the absence of an applied magnetic field. When 

a field is applied an electromotive force is induced in the electron orbital causing a 

change in the electron velocity which establishes a corresponding change in orbital 

moment opposing the applied field. The normally mutually cancelling orbital moments 

contribute an induced moment in response to an identical field producing an observable 

net magnetic moment that scales linearly with applied field strength. Typical diamagnets 

include materials in which the constituent atoms have filled valence shells leading to 

fully paired electrons and therefore cancelling moments. 

 

Paramagnetism 

 

The typical case in which a material exhibits paramagnetic behavior is when there 

is a net magnetic moment within an atom, but the effects of thermal agitation cause 

disorder and therefore mutual cancellation. In the absence of an applied magnetic field 

there is no externally observable net moment, but when a field is applied the atomic 

moments align in parallel along the field direction creating a net moment.  
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Core shell electrons will typically be paired in which case the contribution in field would 

be diamagnetic. Conduction electrons have a diamagnetic contribution due to the curving 

of their paths in the presence of an applied field. There is an additional tendency of 

conduction electrons near the Fermi level to be reoriented by a magnetic field leading to a 

weak paramagnetic response known as Pauli paramagnetism. Strong paramagnetic effects 

are usually observed to arise from localized rather than itinerant electrons in transition 

metal and rare earth atoms which have incompletely filled inner shells. The unpaired 

electrons in the inner shells are the ones responsible for the large induced net moments of 

strong paramagnets.      

 

Ferromagnetism 

 

 The 3d and 4s bands reside at comparable energy levels and as the interatomic 

spacing decreases the energy levels of the orbitals in these bands widen enough to cause 

substantial overlap. Resulting electron configurations for elements such as transition-

metals reflect this sub-shell overlap, an example of which is Ni with the configuration 

[Ar]4s
1
3d

9
. The partially filled 3d orbital allows spins to go unpaired, a requirement for 

the existence of permanent net moment. 

 

 A filled shell will have oppositely paired electrons and no net moment whereas a 

partially filled shell can have orbitals with single electrons contributing a net moment. 

Typically dipole-dipole interactions will pair adjacent spins oppositely, but it is possible 

for overlapping orbitals containing same spin electrons to instead repel each other leading 
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to a larger charge distribution. The latter case will occur if the associated electrostatic 

energy is lower in the parallel spin configuration. The amount of energy saved is known 

as the exchange energy. In the case of Fe, the exchange energy is about 1000 times larger 

than the dipole interaction energy. 

 

An exchange energy exists between two atoms a and b with electron spins Sa and 

Sb given by E = -2 J Sa Sb cosθ. The cosθ term indicates an orientation dependence which 

makes E negative when the spins are parallel and positive when they are anti-parallel. J is 

an exchange integral related to the charge distribution overlap of the two adjacent atoms, 

hence the name exchange, and so is primarily dependent upon the Coulomb force and 

Pauli exclusion. The value of J varies with interatomic distance with a general increase in 

the strength of positive exchange favoring parallel spins as the interatomic spacing 

decreases. Beyond a certain maximum value J will start decreasing in positive magnitude 

and then continue increasing in negative value at which point the negative exchange will 

favor anti-parallel spin alignment. Moving along the periodic table such a transition 

occurs between ferromagnetic Fe and antiferromagnetic Mn. Ferromagnetism then occurs 

in transition-metals that not only have unfilled inner sub-shells, but are atomically sized 

such that there is an appropriate interatomic spacing to allow an exchange force between 

neighboring atoms to align spins parallel. Of the transition-metals only Fe, Co, and Ni fill 

all the requirements of ferromagnetism. 

 

Shape Anisotropy 
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Magnetic field lines due to the north and south poles of a magnet are distinct from 

those arising due to induction (ie field from current) in that the field lines connecting two 

poles of a magnet travel from north to south whereas those induced are continuous. The 

result is a field within the body of a magnet traveling from north to south which opposes 

the magnetization and is known as the demagnetization field, Hd. This demagnetization is 

related to the induction by B = -Hd + 4πM and has a strength greatest at the poles and 

minimal at the center of the magnet. Because of the relation to pole separation, Hd will 

act more strongly along the short axis of a magnetic material with an elongated sort of 

shape. Magnetization then tends to favor an orientation along the long axis of a magnetic 

material with such a shape so that it may oppose a lesser Hd. For elongated ferromagnets 

the coercivity is related to the difference between Hd along the long and short axes 

leading a high aspect ratio ferromagnet to have a maximum coercivity Hc = 2πMs 

(coherent rotation).    

 

Crystalline Anisotropy 

 

The orientation of an electron orbit is fixed to the crystal lattice and since the spin 

and orbit are coupled, magnetization is preferentially directed along specific 

crystallographic directions. When a magnetic field is applied the coupling strength of 

orbit to crystal lattice acts to maintain the orbital orientation. However, the electron spin 

is subject to the influence of applied fields and will reorient under field strength sufficient 

to decouple spin from orbit. The associated anisotropy energy density is characterized by 

material specific constants (eg K1, K2) and the angle between magnetization and a certain 
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crystallographic direction. In this case, the coercivity due to crystalline anisotropy is 

related to 2K/Ms. 

   

6.2 Giant Magnetoresistance 

 

The observation of anisotropic magnetoresistance (AMR) in a ferromagnetic 

transition metal such as Ni depends upon the deformation of an atoms electron cloud 

about the nucleus as the magnetization is rotated. As the angle between current and 

magnetization directions changes there is a corresponding change in the amount of 

conduction electron scattering. For the case of magnetization and current orthogonally 

oriented the orbitals will be in the plane of the current leading to the availability of only a 

small scattering cross-section and an observed low resistance state. When magnetization 

and current are instead parallel, the orbitals are perpendicular to the current direction 

resulting in a large scattering cross-section and a high resistance state. AMR 

measurements are thus a direct consequence of the magnetization tendencies of a material 

and reflect influences of shape and crystalline anisotropy. 

 

Giant magnetoresistance (GMR) is a similar effect observed in thin film multi-

layer structures. Transition-metal conduction electrons are those in the s- and d-orbitals 

and will possess spin either parallel or anti-parallel to that of the spin-up electrons 

responsible for the magnetization. A ferromagnetic transition-metals electrons have very 

different scattering rates due to the density of empty states at the Fermi level into which 

the electrons are scattered. Electrons with spin-up only scatter weakly while those with 



119 

 

 

spin-down scatter strongly and participate only weakly in conduction. As an example, the 

electron mean free path of spin parallel electrons in permalloy is about five times longer 

than that of anti-parallel electrons.   

 

The discovery of GMR occurred in alternating thin film layers of a ferromagnetic 

and non-magnetic metal. Each of the ferromagnetic layers were indirectly coupled 

through the RKKY interaction which aligns them in either a ferromagnetic or anti-

ferromagnetic configuration. In the absence of electron orbital overlap itinerant electrons 

instead act as intermediaries between the localized inner electrons of magnetic atoms. 

Spin polarization is induced in nearby conduction electrons by one atoms moment which 

then affect the moments of adjacent atoms. The RKKY interaction is characterized by an 

exchange coefficient whose sign varies with the distance from the inducing moment 

leading to the alternating parallel and anti-parallel alignment in the separated magnetic 

layers based on the thickness of the non-magnetic spacing layers. 

 

The spin-valve structure for GMR devices uses two ferromagnetic layers of 

different hardness decoupled by a non-magnetic layer between them. Often the 

magneticaly harder reference layer is coupled to an antiferromagnet through exchange 

bias leading to a structure of the form antiferromagnet/ferromagnet 1/non-magnetic 

spacer/ferromagnet 2. In order for GMR effects to emerge the conduction electrons must 

have spin dependent scattering and be able to travel between the two ferromagnetic 

layers. When the two ferromagnetic layers have parallel magnetization the spin-up 

electrons experience little scattering resulting in a low resistance state. Higher resistance 
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is observed when the magnetization directions of the two ferromagnetic layers are 

opposed to one another. 

 

6.3 Nanowire Magnetoresistance Behavior 

 

All NW growth phases exhibit magnetoresistance behavior arising from 

contributions attributable to both anisotropic and ordinary, or Lorentz, magnetoresistance 

(AMR and OMR, respectively). AMR is a result of the spin-orbit interaction and its 

induced distribution of spin-up and down d-state electrons. Since the mixing of d-states 

depends on the direction of net spin density it is the magnetization direction which 

determines the density of unoccupied d-states at the Fermi level. For ferromagnets, 

electrical resistance in the presence of a magnetic field is therefore dominated by the 

magnetization direction dependent s-d scattering rate. Resistivity is a function of the 

angle between electrical current and magnetization (θ) as given by ρ = ρ⊥ + (ρ// - ρ⊥ 

)cos
2
(θ), where ρ is the total resistivity and ρ// and ρ⊥ are the resistivity values for the 

cases of magnetization parallel and perpendicular to the current direction, respectively.    

 

OMR effects arise due to the Lorentz force which repels electrons away from the 

electric field direction leading to an observed increase in resistivity with applied magnetic 

field. In the absence of an applied magnetic field charge carriers would propagate along a 

linear trajectory until scattering events occur. Under an applied magnetic field, Lorentz 

forces will act to bend the carrier paths into orbits of a certain radius and frequency ω 
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where ω = eH/m*, with e being the electron charge, m* its effective mass, and H the 

applied magnetic field. Since conductivity is given by σ = ne
2
τ/m* where n is the carrier 

density and τ the relaxation time, it can be seen that ω and σ are intrinsically linked. 

OMR effects are therefore more pronounced in cases involving large relaxation times or 

low carrier densities, for example, and in general they will be significant when ωτ = 

Hσ/ne >> 1. Additionally, the relative orientations of current and applied field direction 

can lead to differing degrees of OMR effectiveness. Magnetic field applied transverse to 

the current will force carrier motion against current direction leading to large OMR 

effects. The case in which field and current are parallel to one another will instead cause 

a helical carrier orbit about the current direction resulting in a diminished Lorentz 

contribution to magnetoresistance.         

   

Figures 6.3.1a and 6.3.1b show the magnetoresistance of the polycrystalline Ni-

NiO core-shell NWs at 10K and room temperature, respectively. At 10K, the 

magnetoresistance is dominated by OMR effects.  Fields perpendicular to the wire, and 

therefore the current, produce substantial OMR effects while that of the field parallel to 

current orientation are fairly diminutive, as is expected.  There is a transition from 

Lorentz force dominated magnetoresistance behavior to spin-orbit dominated 

magnetoresistance at ~60K. This transition reflects the point at which low temperature 

defect scattering gives way to a greater influence of phonon and magnon scattering and 

the corresponding decrease of electron mean free path responsible for diminished OMR 

contributions. Magnetoresistance data at 300K reflects prevalent spin-orbit scattering 

behavior and indicates a zero-field magnetization orientation along the NW axis 
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consistent with a strong shape anisotropy influence in such a polycrystalline material. 

Both the OMR (10K) and AMR (300K) properties are consistent with micromagnetic 

simulation results as well as reports in the literature regarding similar materials
36-38

. For a 

NW dominated by shape anisotropy, the field perpendicular to current case should 

saturate at 2πMs where Ms is the saturation magnetization.  The bulk room temperature 

moment of Ni is 484 emu/cm
3
, yielding an expected saturation field of 3040 Oe, in close 

agreement with our experiments. 

 

Figures 6.3.1c and 6.3.1d show the magnetoresistance of a single-crystal NW at 

10K.  All single-crystal Ni NWs, both horizontal and vertical, display AMR dominant 

behavior at low (10K) and high (300K) temperature though modest OMR effects are still 

present and observable in Fig. 6.3.1c.  The suppression of the OMR at low temperature 

most likely results from residual Si impurities in Ni which limits the electron mean free 

path
39

. In contrast to the Ni-NiO core-shell NWs, the zero field resistance of single-

crystal NWs occurs at a value intermediate to those of the perpendicular and parallel 

saturated cases indicating an intrinsic magnetization orientation ~45 degrees relative to 

the NW axis in remanence. This, as well as the switching behavior, is a result of 

competing shape anisotropy that favors the NW axis and magnetocrystalline anisotropy 

which favors the Ni <111> axis.  The magnetoresistance agrees well with both simulation 

results and literature reports for comparable materials
32,38,40

. In the field perpendicular to 

current orientation a high positive field saturates the NW transverse to current direction 

producing a low resistance state. With decreasing positive field the magnetoresistance 

steadily increases as the angle θ between magnetization and current directions 
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diminishes. At still lower positive field there is an abrupt drop in resistance brought about 

by the appearance of magnetic vortices which do not contribute to the axial component of 

magnetization and therefore do not cause a further decrease of the average θ. This drop in 

resistance continues through zero-field and increasing negative field until the switching 

field is reached at which point domains merge and a sudden upward spike in resistance is 

observed. Further increase of negative field subsequently leads to a steady drop in 

resistance as θ is once again maximized. Reversal in the field parallel to current 

orientation is simpler as indicated by coherent reversal and switching at the coercive 

field.  
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Figure 6.3.1 – NW magnetoresistance. 
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Figure 6.3.2 – Schematic of NW magnetotransport measurements. 
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Chapter 7 

 

Nanowire Applications 

 

A number of promising applications exist for a material possessing the multi-

faceted properties of the various Ni nanowires discussed in this dissertation. As 

mentioned in previous chapters, transition metal surfaces have vital catalytic properties 

that are commonly exploited in chemical engineering applications. There are additionally 

a number of devices that could benefit from advantages afforded by Ni nanowires 

including the spin valves which were fabricated using a core-shell structure. 

 

7.1 Core-Shell Nanowire Spin Valve 

 

Nanowire based magnetic spin valves utilizing a core-shell device architecture 

about free-standing Ni nanowires have been fabricated and characterized. Devices 

containing sequential shell layers of CoO(10nm)-Co(5nm)-Cu(5nm)-Co(5nm) deposited 

through sputter deposition around the chemical vapor deposited Ni core nanowires 

exhibit a giant magnetoresistance effect of approximately 9%, which matches that of the 

corresponding planar thin film multilayer. The Ni nanowires which serve as the device 

platforms are obtained in diameters ranging from 100 nm through 300 nm and typical 

heights of 20 micrometers or greater. Since the nanowires are oriented vertically upon 

Si/SiO2 growth substrates they allow the creation of core-shell spin valve devices with an
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 orientation, aspect ratio, and distribution difficult to achieve with conventional thin film 

methodologies. The demonstrated, fully-functional, nanowire-based spin valve 

establishes the viability of magnetic multi-layer device structures in the core-shell 

implementation. Devices of this nature have potential in various applications including 

high-acuity magnetic field sensing.  

 

ollowing its discovery over two decades ago
41,42

, giant magnetoresistance 

(GMR) in thin film multilayers has contributed significantly to the development of 

various critical technologies, especially in the field of magnetic data storage. To date, as a 

magnetic sensor it has been implemented almost exclusively in a conventional thin film 

structure grown off of planar wafers. The device structure most commonly utilized by the 

hard drive industry in magnetic data read heads is the spin valve. The spin valve consists 

of a free and a reference magnetic layer, separated by a thin, nonmagnetic spacer. The 

free layer easily switches in the presence of a magnetic field, while the reference layer 

(with a magnetic moment pinned by coupling with a biasing antiferromagnetic layer) 

stays fixed. 

 

While the conventional thin-film geometry of spin valves has proven effective for 

many magnetic sensing applications, new device geometries may further leverage the 

phenomenon of GMR. To this end, we have developed a spin valve structured such that a 

free-standing Ni nanowire (NW) serves as the platform upon which the various layers of 

a GMR spin valve are sequentially deposited. The end product is a device consisting of 

F  
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concentric thin film layers possessing the pseudo one-dimensional geometry of a free 

standing NW.   

 

The advantages of using NW technology over that of thin films not only include 

the potential scaling and structural efficiencies of the bottom-up growth paradigm, but 

also the adaptation to magnetic sensing applications that are unfeasible given the inherent 

limitations associated with planar surfaces. In particular, the protrusion of NW arrays 

many microns beyond the substrate surface provides a high level of sensing element 

surface area available for the detection of localized fields. For applications involving 

magnetic nanoparticle tagging, for example, this type of NW-based implementation of 

the spin valve would result in much greater overall sensitivity. 

 

A variety of different NW spin valve structures have been developed previously, 

either through multilayers stacked in a vertical template
43,44

, or in the form of 

lithographically-patterned in-plane strips
45

.  Neither of these methods, however, offers 

the combined benefits of self-aligned vertical orientation and standalone wire isolation 

offered by the core-shell architecture employed here.      

 

Previously reported non-spin-valve, NW-based magnetic sensors utilizing the 

core-shell architecture include devices fabricated on MgO NW with magnetoresistive
46

 or 

colossal magnetoresistive
47

 materials. In order to further establish the potential of 

magnetic NW devices, the current work explores the behavior of the core-shell 

architecture featuring multiple magnetic shell layers. 
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Figure 7.1.1 – Core-shell structured device concept. 
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Experimental Methods 

 

NWs produced through a thermal chemical vapor deposition (CVD) method serve 

as the core portion of the spin valve heterostructure. The CVD system consists of a 

horizontal tube furnace through which quartz tubing is installed. Various carrier and 

reactive gases are fed into the quartz tubing through thermal mass flow controllers while 

the downstream end of the CVD setup is closed off to outside atmosphere with a bubbler.  

 

During NW growth, approximately 1.5g of nickel chloride hexahydrate precursor 

in powdered form is loaded into a Ni boat and placed within the quartz tubing at the 

center of the furnace.  A series of 1cm × 1cm Si (100) substrates with a 500-nm top layer 

of thermally-grown SiO2 is then placed downstream of the precursor at various distances. 

An inert gas is used as the primary carrier gas and is flowed through the CVD system at a 

typical rate of 10 sccm during NW growth. The growth period proceeds for 

approximately 30 minutes at a temperature near 700º C. The chamber is subsequently 

allowed to cool down naturally to room temperature while still sealed and maintaining 

inert gas flow.   

 

The NWs obtained in this manner are oriented out of the plane of the substrate, 

upon Ni/NiO seed particles and possess diameters ranging from 100 to 300nm at lengths 

up to several tens of micrometers. The NWs are dispersed across the substrate with a 

typical  
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separation of several micrometers which is adequately large to permit evenly-distributed 

GMR multilayer shells to be deposited around the vertical core NWs. 

 

  For a proof-of-concept spin valve device, a GMR structure consisting of CoO 

(10nm)/Co (5nm)/Cu (5nm)/Co (5nm) was chosen. The as-grown NW samples were 

loaded directly into an AJA magnetron sputtering system along with several 1cm × 1cm  

bare Si (100) substrates with native oxide for standards of comparison. The sputtering 

system was maintained at a base pressure of approximately 8.0×10
-9

 Torr and the 

deposition of the GMR layers was conducted in succession at room temperature while 

rotating the samples at 30 rpm to ensure uniform coating. The resulting NW 

heterostructure is shown schematically in Fig. 7.1.2. 

 

For electrical characterization, fully-coated NWs were first transferred flat against 

separate Si/SiO2 (500nm) substrates using a contact transfer method. 150-nm-thick 

electrical contacts were then created on the ends of isolated spin valves through standard 

optical photolithographic and sputtering techniques.  

 

To quantify GMR effects, resistance measurements were made in a Quantum 

Design Physical Property Measurement System on both the core-shell NW 

heterostructure, as well as the corresponding thin film multilayer. Resistance 

measurements as a function of applied magnetic field were taken with the magnetic field 

applied in a direction fully parallel to the NW axis. The thin film equivalent multilayer 
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structures were also measured in an orientation where magnetic field was applied parallel 

to the film plane.  

 

Following a 30kOe field cool from a temperature of 380K, with magnetic field 

applied along the NW axis and thin film plane, applied magnetic field was swept from 

30kOe to -30kOe and back at a temperature of 10K while applying a .01mA current at 

17Hz AC for resistance measurements.  

 

Results and Discussion 

 

Magnetoresistance measurements performed on the NW spin valves show a 

typical resistance change of 9% attributable to the GMR effect (Fig. 7.1.4). Because the 

as-grown Ni NWs are fully covered by an insulating oxide layer there is no conduction 

through the core Ni NW, thus ensuring all current flow occurs through the GMR shell 

layers. Upon exposure to ambient atmosphere it is likely that the outermost Co free layer 

developed a CoO shell around it. After field cooling, this additional CoO layer will have 

biased the Co free layer to a certain extent, which can be seen in the shifting of all 

switching points during magnetoresistance measurements (Fig. 7.1.4).   

 

Additionally, to establish a baseline of comparison, a sputtered thin film sample 

was prepared with the same composition and layer thicknesses (10nm CoO, 5nm Co, 

5nm Cu, 5nm Co) on a Si substrate.  When measured under the identical temperature, 

applied magnetic field, and orientation conditions a resistance change of 8.8% was  
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Figure 7.1.2 – Core-shell spin valve schematic. 
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measured (Fig. 7.1.3). These results indicate that the core-shell NW spin valve device can 

perform as well as the conventional thin film structure.  

 

The current work lays the foundation for future NW device implementations. Due 

to the many complexities associated with multiple mutually interacting magnetic layers 

there is great importance in establishing the functionality of non-conventional 

heterostructures. With the performance of the core-shell NW spin valve as a positive 

example, further development of similar technologies is fully justified.   

 

The potential applications of such sensor arrays are wide-ranging. They could 

prove especially useful in biological applications. For example, a vertical array of NW 

field sensors could provide localized detection of magnetic nanoparticles in solutions. 

These nanoparticles could potentially be functionalized with organic agents that 

preferentially bond to cancerous cells, for example. The bonded cells could then be 

identified while flowing through the forest of NW spin valves. 

 

In summary, we have successfully implemented a NW core-shell spin valve that 

exhibits a GMR signal as high as that of an equivalent thin film multilayer. This proof-of-

concept device is encouraging for the development of additional magnetic 

heterostructures and applications in the core-shell NW form. Further research will focus 

on exploring the physical interactions between the layers at the material interfaces on 

such core-shell nanodevices, and how they differ from those of conventional planar 

structures. 
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Figure 7.1.3 – Thin film GMR response. 
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Figure 7.1.4 – NW GMR response. 
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Chapter 8 

 

Conclusion 

 

Four distinct Ni nanostructure growth phases have been demonstrated using a 

CVD technique. The formation mechanism of each growth phase, as well as the 

corresponding experimental parameters have, been outlined. Structural characterization 

and magnetotransport studies have been performed on the NW products.  

 

Rapid Ni crystallization induced by a Si-based material occurs at a Si/Ni interface 

leading to the anisotropic growth responsible for single-crystal Ni NW formation. 

Polycrystalline Ni NWs rely instead on lateral confinement of an inner metallic section 

by an outer oxide layer to achieve anisotropic growth. AMR behavior of each NW 

product is consistent with theoretical predictions for Ni materials with such size and 

crystallographic properties. 
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