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ABSTRACT
FABRICATION AND SITE SPECIFIC GROWTH OF
NANOWIRES
By

Chun-1 Wu

Nanotechnology has the promise to affect many areas of study including
structural, materials, biological, and electrical sensors and circuits. In this
presentation, fabrication routes to growing whiskers and nanowires of various
materials will be presented. The materials investigated include gallium arsenide
(GaAs), indium antimonide (InSb), a clathrate material SrgGa,;sGeso, and germanium
(Ge). The experiments were designed to utilize the vapor-liquid-solid (VLS) growth
mechanism, where a metal catalyst is used to mitigate the growth of the nanowires.
The results for germanium, however, show a strong enhancement of growth upon the
exposure of the samples to air while at the growth temperature. The role of oxide
assisted (OA) growth in combination with the VLS mechanism will be discussed.

Nanowires of GaAs, InSb, and SrgGa;Geso showed compositions that were
deficient in the more volatile elements. Volume confinement studies will also be

presented for the clathrate material.



Growth of germanium dioxide (GeO-) whiskers and nanowires was found to be
highly selective to the locations of the metal catalyst (gold). Examples of site specific
growth of the GeO, wires will be presented to show nanobridges on silicon substrates,
and nanowire bundles inside tapered micropipette structures. The growth technique is
relatively simple, and applicable for scaleup procedures. Images of the whiskers and

nanowires were taken with SEM and TEM.
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Introduction

Following Richard Feynman’s best known comment “There is plenty of room at
the bottom [1],” emerged a series of dominant interest in exploring subjects concerning
reduced dimensional structures, such as microelectromechanical system (MEMS),
quantum wells, nanowires, nanotubes, and nanodots [2-4]. Among these topics,
semiconductor nanowires are deemed to be an innovation by means of the application of
the Moore’s law and the capabilities of manufacturing ever smaller metal oxide
semiconductor field effect transistors (MOSFETs). With the ongoing evolution of
reducing the length of the channel, it appears that corresponding technological advances
should have been developed to support usable threshold voltages. In other words, the
desired advances should be able to sustain the increased coverage of the channel surface
by the gate through structures such as the Double Gate FET, or FinFET [S]. In particular,
the fabrication of nanowires by self assembly deserves more attention with the
improvement of semiconductor nanowires fabrication techniques [6, 4]. In general,
applications of the nanowires structures of interest encompass field effect devices,

mechanically resonant structures, and sensors.

Nanotechnology

Nanotechnology deals with various structures of matter having dimensions of the
order of a billionth of a meter. A recent definition of nanotechnology is
“Nanotechnolgoy is the understanding and control of matter at dimensions of roughly 1

to 100 nanometers [7].” This dimension range is especially drawing attention where



interdisciplinary fields of research are emerging [8,9,10]. The nanoscale is unique
because it is the size scale where the commonplace properties of materials, including
conductivity, hardness, or melting point, and the more exotic properties of the atomic and
molecular world, such as wave-particle duality and quantum effects converge [11]. On
the nanoscale, the most fundamental properties of materials and machines are closely
related to their size, the condition that is not observed if on other scales. If the size
reduces to or smaller than de broglie wavelength, the property changes. For example,
after calculation we can get the de broglie wavelength of germanium is 17.98 nm. That
means once the size of germanium smaller than 17.98 nm, the material properties will

different from other scale.

One-dimensional nanostructure

The reason why semiconductor nanowires and nanotubes, one-dimensional
structures with diameters not exceeding a few hundred nanometers, can exhibit a
breakthrough in terms of electronic and optical properties is related to their unique
structural one-dimensionality and the effects of quantum confinement of carriers in two
dimensions [12]. Sitting on the advantage of the selection of various compositions and
band structures, the one-dimensional semiconductor nanostructures are deemed to be the
essential components for constructing likely diverse applications of nanoscale devices.
Considering this feature of one-dimensional nanostructures, current research has mainly
paid attention to a logical synthetic control of one-dimensional nanoscale building blocks,
the new characterization of properties, and the fabrication of devices would be taken into

account by the use of nanowire building blocks, and by integrating nanowire elements



into architectures that are complicated in functions [13]. Corresponding with the topic of

this dissertation, nanowires become the focus in the following discussion.

Application

Having specific and distinguished characteristics, such as the small sizes and high
surface-to-volume ratios, one-dimensional nanostructures have commanded great
attention by their useful and newsworthy properties. The control of the surfaces and
internal interfaces also equip one-dimensional nanostructures with unique stability effects.
Certain fundamental limitations pose problems for the realization of this effort. Size-
dependent thermal conductivity in nanostructures is one of them. Under the influence of
increased boundary scattering and lessened phonon group velocities resulting from the
phonon confinement, the phonon transport is expected to be blocked in thin 1D
nanostructures. Nonetheless, if employing an alternative perspective, poor heat transport

is useful for thermoelectric materials, which are characterized by a figure of merit :ZT =

o’ T /lp(xp + ke)l, where a, T, p, xp and ke represent the Seebeck coefficient, absolute

temperature, electronic resistivity, lattice thermal conductivity and electronic thermal
conductivity, respectively. It is found that as the proceeding of the phonon transport
worsens, the value of the figure would improve. In fact, the Dresselhaus research group
has predicted that ZT can be increased above bulk values in thin nanowires as long as the
diameters, compositions and carrier concentrations are carefully manipulated [14, 15].
This contention has been confirmed by different levels of experiments.

Various types of nanowires have been fabricated using different methods, including

evaporation [16], laser ablation [17], chemical vapor deposition (CVD), and electron



beam lithography [18]. Moreover, nanowires that have been the target of studies range
from silicon, germanium, III-V material, to II-VI material.

In the last decade, silicon nanowires have attracted plenty of research interests
owing to the fact that silicon has certain attributes useful in applications of nanodevices.
A couple of methods have been proved to be viable growth mechanisms. Metal catalyst-
assisted and the oxide assisted (OA) methods are evaluated as the most accepted ones
among the many methods discussed. Metal catalyst-assisted growth mechanism
functions in connection with the widely known vapor-liquid-solid (VLS) mechanism [6].
Technically, the silicon vapor source in metal catalyst-assisted mechanism is obtained
through silane which is created by using CVD method or by laser ablating the metal
catalyst in physical vapor deposition (PVD). Without using the metal catalyst, the oxide-
assisted method is making use of the metal oxide powder to grow nanowires.

Currently, there is more and more research focused on the silicon material as well
as on III-V and II-VI material. III-V and II-VI semiconductor nanowires are grown by
means of the laser-assisted catalystic growth (LCG) method [19]. In addition, the
nanowire products are collected at the down-stream cold end of the furnace.

One challenge that needs to be addressed is how to grow nanowires in a way that is
appropriate to the device fabrication from a manufacturing perspective. The
exceptionally high surface-to-volume ratio of thin one-dimensional nanostructures has
enabled them to function well with inherently high sensitivity and short response time.
A common sensing device can be produced by configuring high performance, field-effect
nanowire transistors, in which the specific function of sensing is achieved by coupling a

recognition group and the surface of the nanowire. The device incorporates a Si



nanowire with distinct p- or n-type doping, source drain electrodes that are insulated from
the environment, and a microfluid device for delivery of solutions. Since the Si nanowire
is suspended in ethanol and flow aligned on substrates, and the contact leads are
characteristic of emerging with electron —beam lithography, for manufacturing purposes,
it would be beneficial to grow the device directly from substrates.

In this study, we investigated the growth of different nanowires and the control of

the growth of nanowires. The procedures encompass exploring various materials,
including GaAs, InSb, SrgGa;sGesp and Ge, and different methods and approaches in

order to achieve the above research goal. In particular, the deposition scheme was
accomplished by the use of the pulsed laser deposition (PLD) technique, and KrF excimer
laser and the nanowire growth were utilized based on the vapor-liquid-solid (VLS)
mechanism using gold as the mediating metal catalyst. The role of oxygen in the metal-
catalyzed nanowire growth process is also studied in order to gain a deeper understanding

of the two nanowire growth methods.



CHAPTER 1 THEORY

1.1 Different grow methods

The vapor-liquid-solid growth mechanism was reported by Wagner and Ellis in
1964 [20]. In their report, a chemical vapor deposition technique was used to fabricate
high aspect ratio silicon wires of with diameters of 200 um. Many reports have followed
this initial work [21,22,23], with more recent efforts focused on diameter in the
submicron and nanoscale with reported diameters down to 3 nm [24,25]. Both chemical
vapor deposition (CVD), and physical vapor deposition (PVD) techniques have been
utilized in the fabrication of nanowires through the vapor-liquid-solid technique. More
recently, an oxide assisted (OA) technique has been proposed as another mechanism for
the growth of nanowires [26]. In this section, I review the various deposition techniques,

and identify the similarities and difference between them.

1.1.1 Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a process which is widely utilized for
depositing thin films of various materials. In addition, there are a wide range of
applications of CVD, such as the fabrication of microelectronic devices and the

deposition of protective coatings.
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Figure 1. Chemical vapor deposition process

Usually, in a CVD process, the substrate is exposed to one or more volatile
precursors, whose reaction and decomposition on the substrate surface lead to the
formation of the desired deposit.

As the deposited surface takes shape, the gas mixture is heated as it approaches the
surface which is placed upon a heated substrate. Reactant gases, which are often diluted
in a carrier gas, come into the reaction chamber at room temperature. Depending on the
process and operating conditions, the reactant gases may go through consistent chemical

reactions in the vapor phase before hitting the surface.



Method Energy Multi- Vacuum Typical >10
Range(eV) | Element Requirement | Deposition | mTorr
Rate Rate (A/s) | Reactive
Control Gas
CVD 0.1 Moderate | HV 20 Yes
MOCVD | 0.1 Moderate | UHV 10 Yes
MBE 0.1 Moderate | UHV 3 No
PECVD 0.1-500 Moderate | HV 20 Yes
PLD 1-1000 Easy HV 10 Yes
TE 0.1 Difficult | HV 20 No

Table 1. Qualitative comparison of deposition rates of various growth techniques [31]

Close to the surface thermal, the momentum, and the layers of the chemical
concentration boundary change with the status of the gas stream. They form as the gas
streams heats, and then slow down due to the viscous drag, and the chemical composition
alters accordingly. On the other hand, heterogeneous reactions of the source gases or
reactive intermediate species take place at the deposition surface which produces the
deposited material. By this way, byproducts resulting from the gaseous reaction are
carried out of the reaction chamber.

Plasma-enhanced CVD (PECVD) is the CVD process that makes use of plasma to
improve chemical reaction rates of the precursors. What’s important is that PECVD
process enables the deposition to occur at lower temperatures, which plays an important

role in the semiconductors producing.



1.1.2 Physical Vapor Deposition (PVD)

Physical vapor deposition involves atoms and/or molecules of a material that are
deposited from the gas phase (or vapor) onto a substrate without a chemical reaction step
taking place. Various mechanisms can be used to get the material into the gas phase
including, thermal evaporation, sputtering, pulsed laser deposition, cathodic arc, and
molecular beam epitaxy. During the PVD process, material from a liquid or solid source
is transported through the gas phase to a substrate. In placing the atoms or molecules
from the source into the vapor phase, the particles are raised in energy. As the particles
arrive, their energy is taken away by a cooler substrate surface facing the source, which
allows the particles to form a solid thin layer. The atoms or molecules in the vapor phase
will condense on the substrate after some surface diffusion of the adatoms.
Accommodation of the adatoms occurs as the Gibbs free energy, AG, is sufficiently
reduced during condensation. Since AG is further reduced for adatoms that form clusters,
or accommodate to step edges, there is a preferential growth of films along such defects,

and/or in island formations. These mechanisms for film growth are summarized in blow.



Hole /dge
Atom on Step

surface ‘7

Crevice

Screw
Dislocation Comner

Figure 2. Schemiatic of film surface with various edges, pits, and clusters identified.

Assuming the incident kinetic energy is not too high; an atom striking a surface
will lose its velocity component normal to the surface in a short time. The incident vapor
atom is then physically adsorbed and called an adatom. It may or may not be completely
thermally equilibrated with the surface. If not equilibrated, it can move over the surface
by jumping from one potential well to another as driven by thermal activation from the
surface and/or by its own kinetic energy parallel to the surface. The adatom has a finite
stay or residence time on the surface during which it may interact with other adatoms to
form a stable cluster and be chemically adsorbed (incorporated into the surface) with the
release of the heat of condensation. If not adsorbed, the adatom reevaporates (desorbs)
into the vapor phase. Therefore, condensation is the net result of an equilibrium between

the adsorption and desorption processes.
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Sticking Coefficient

Sticking coefficient is the probability that an impinging atom will be incorporated
into the substrate (surface) is called the “condensation” or “sticking” coefficient. This
probability is given as the ratio of the number of atoms incorporated into the film to the

number of atoms impinging on the surface.

_ Nadh

= Equation 1
* N

where N, 4, = number of atoms adhering to the surface and N;,; = total number of atoms

arriving at the substrate.
Accommodation Coefficient

The accommodation coefficient, a_, is a measure of the degree of thermal equilibration

with the surface and is given by:
_ E. —
ar = I, -1, _Ei-E, Equation 2
Ti - Ts Ei - Es

where temperatures, T’s, and kinetic energies, E’s, correspond to the equivalent rms
values for the incident (i), reevaporated (r) atoms, and the substrate (s) respectively.
Several theoretical investigations considered the problem of a head-on collision of
an atom with a one-dimensional lattice consisting of spring-connected masses. For
nearly equal masses of the impinging atom and the substrate lattice atom, a unity sticking

coefficient should be obtained for incident kinetic energies up to 25 times the desorption

energy, Egqs. Since, for metals, E 4, = 1-4 eV, vapor atoms of equivalent beam

temperatures of the order of a million degrees should be physically adsorbed. Of course,

a 3D lattice of spring connected masses would be stiffer, decreasing the expected sticking
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coefficient. For light impinging atoms relative to the substrate atoms, and/or for high

incident kinetic energy, the sticking coefficient can be much less than unity.

As mentioned, the adatom has a finite stay or residence time, t;, on the surface given by

y Edes
——e kgT
v

T Equation 3

where E 4, = energy of desorption, v = surface vibrational frequency (~1012 Hz), kg is

Boltzmann’s constant (8.61 8x10” eV/K). It has been theoretically predicted that almost

all of the initial energy Ei is lost in the first three lattice vibrations and that the time to

- ) ) 2 )
thermally equilibrate with the substrate, 1, is about 7, <— or about a picosecond.
v

At high binding energies, t; is large (T, is small - v large) and thermal equilibrium
occurs rapidly. Here an adatom can be considered as localized and it will diffuse by
discrete jumps.

If E 405 ~ kT, they do not equilibrate rapidly but remain “hot” (usually having o <

1), and the adatoms can be viewed as a 2D gas (where the kinetic theory of gasses can be

applied).
During 14, the adatoms will diffuse an average distance, X, of

Eg Ejes —Es

X = 2D,z = ag[2vr e BT = 2ape kBT Equation 4

where q;, is the jump distance between adsorption sites on the surface (on the order of

atomic dimensions), E is the activation energy for a surface diffusion jump, and Dy is

the surface diffusion coefficient:
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Es

2 kgT

Ds =aqgve

Equation 5

Several values of desorption and activation energies are given in the following table.

These values are very sensitive to the cleanliness of the films as shown for Cd on clean

and contaminated Ag substrates.

Table 2. Experimental values for the binding energy, E 4., and the activation energy for
diffusion, E;, for some typical systems.

Condensate

Substrate

Eges, €V Eg, eV
Ag NaCl 0.2
Ag NaCl 0.15 (evaporation)
0.10 (sputtering)

Al NaCl 0.6

Mica 0.9
Ba w 3.8 0.65
Cd Ag (fresh film) | 1.6

Ag, glass 0.24
Cu Glass 0.14
Cs w 28 0.61
Hg Ag 0.11
Pt NaCl 0.18
w w 3.8 0.65
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Experimentally the value of E4,¢ has typically shown a value of about 4 times the

diffusion activation energy Ej;.

Homogenous Nucleation
For the homogenous nucleation of a spherical solid phase of material, the change in

free energy can be described as

4 .
AG = -gnr3AGv +4m? 4 Equation 6

where r is the radius of the sphere, y is the surface free energy per unit area, and AG,, is

the change in free energy per unit volume as given by

kT B

AG, =
Y Q P

Equation 7

Here Q equals the atomic volume of the solid, P, is the pressure of the supersaturated
vapor, and P; is the vapor pressure at the surface of the solid. With the supersaturation,

S, defined as (P,, — P)/Pg we could write

AG, = -%m(l +5) Equation 8

Nucleation will not occur unless there is supersaturation (S > 0) and AG,, is negative.

An energy barrier to the formation of stable nuclei is evident when the derivative of

(Equation 6) with respect to r is set equal to zero as shown in Figure 3.
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Figure 3. Free-energy change (AG) as a function of cluster (' > r) or stable nucleus
(r>r)size. r is critical nucleus size, and AG is critical free-energy barrier
for nucleation.

The critical radius is found to be

r=— 27 Equation 9
AG,

or using this in (Equation 6) gives the critical free energy barrier for homogenous

nucleation

AL A Equation 10

The nucleation rate for this sphere is
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N=N'A'w Equation 11
where

*

_AG
N =ne *BT Equation 12

with ng = density of all possible nucleation sites, and N = equilibrium concentration of

stable nuclei, o is the rate at which atoms impinge on the the nuclei of critical area,
. 2
A =4nr .

_ as(P, = PN 4
27MRT

@ Equation 13

or upon substitution

*
AG

- - P, )N
N=nge kBT4m-2 as(Pv s) A

2nMRT

Equation 14

This shows N is strongly dependent on AG which is strongly dependent on the
supersaturation, S as was shown in (Equation 8). The effect of supersaturation

on AG' is shown in Figure 4.
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Figure 4. Total free energy (surface plus volume free energies) of cluster formation vs.
size (r) for different supersaturations ().

Capillarity Theory

The capillarity theory extends the homogenous theory to the nucleation of a film on
a planar substrate. The three different growth modes of a film on a substrate are
Volmer-Weber (or island), Frank-van der Merwe (or layer), and Stranski-Krastanov (or

layer plus island) are summarized in Figure 5.
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Figure 5. Schematic representation of three film growth modes. 0 is the overlayer
coverage in monolayers (ML).

Here three interface tensions must be considered as shown in Figure 6, to replace the

interface energy, v, in (Equation 2).
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Figure 6. Schematic of basic atomistic processes on substrate surface during vapor

Vapor

deposition.

The substrate-to-vapor, ¥y, film-to-vapor, y,4; and film-to-substrate, vz are related by
Ysv=Vfs + 7y cosO Equation 15
And (Equation 2) becomes

AG = a3r3AGv + alrzy‘f + azrz}'fs -—azrzysv Equation 16

G_ 0 which gives

The critical cluster size, r‘, 1s found from y
»

o =_7-l‘117’\f tayly s =70
3a;AG2

Equation 17

and

. _ 4ayyyr +02(}'fs -}’sv)P

AG
2743 AG?

Equation 18



In general, PVD is used to deposit films with thickness ranging from a few
nanometers to a few micrometers. In addition, PVD can be used to create multilayer
structures by supplying different source materials during the process. The substrate size
and material can be varied.

PVD processes can be used to deposit films of elements and alloys as well as
compounds using reactive deposition processes. In reactive deposition processes,
compounds are formed by the reaction of depositing material with the ambient gas
environment. Quasi-reactive deposition is the deposition of films of a compound
material from a compound source. During the transport and condensation process,
having a partial pressure of reactive gas in the deposition environment can compensate
the loss of more volatile species or less reactive species. A couple of examples

representative of the physical deposition are given below:

Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a beam of molecules or atoms which emanate
from an evaporation or effusion source. The beam of particles travels across an
evacuated chamber with few if any collisions, and deposits onto a substrate. Throughout

the process, atoms are deposited one layer at a time, under ultra-high vacuum (UHV

-10 -11

107" - 10" Torr), which leads to the formation of a perfect crystal. At this pressure, the

mean-free path of gases is several orders of magnitude larger than then distance between

the source and substrate. At very low pressures, the mean-free path can be approximated

by [27]:
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_ 5%1073
P

L

Equation 19

In solid-source MBE, pure elements such as indium and antimony are heated in
separate effusion cells furnaces until they each slowly begin to evaporate. The
evaporated elements then condense on a heated substrate, where they react with each

other and create indium antimony.

Atomically clean substrate at temperature T

Ultra-high vacuum

Antimony flux Indium flux

Figure 7. Schematic representation of MBE deposition of a thin film. The film
thickness and composition is defined by controlling the individual fluxes.

A computer controls shutters in front of each effusion cell, allowing precise control
of the thickness of each layer, down to a single layer of atoms. Intricate structures of
layers of different materials may be fabricated this way. Such control has allowed the
development of structures where the electrons can be spacially confined, giving quantum
wells or even quantum dots. Such layers are now a critical part of many modern
semiconductor devices, including semiconductor lasers and light emitting diodes.

The ultra-high vacuum environment within the growth chamber is maintained by a
system of cryopumps, and cryopanels, chilled using liquid nitrogen to a temperature of 77

kelvins (-196 degrees Celsius). The wafers on which the crystals are grown are mounted
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on a rotating platter which can be heated to several hundred degrees Celsius during
operation.

The main advantages of MBE are the low growth rate, which is not conditioned by
wafer temperatures and facilitates a precise control of film thickness, and high purity
where only elements that are components in the deposited film are in the vapor phase
during deposition. In this way, chemical reaction byproducts can not be incorporated as

impurities as can be the case with CVD methods.

Thermal evaporation is one of the oldest techniques of depositing thin films.
Evaporation uses a heater to melt the material and raises its vapor pressure to a useful
range. The vapor pressure is a pressure at which the vapor of the targeted substance is in
equilibrium with its liquid or solid forms. Employing the thermodynamic principle, the

number of molecules departing a unit area of evaporant per second, or flux F, is given by:
F =Ny exp- (ﬁe—) Equation 20
kT

where Ny is a slowly variable function of the temperature (7) and 4, is the activation

energy (in eV) needed to evaporate cone molecule of the material. The activation energy
for evaporation is associated with the enthalpy of the formation of the evaporant, H, as

H=¢,xexN. Equation 21

This is executed in a high vacuum system, which could allow the vapor to approach
the substrate without reacting with or spreading out against other gas-phase atoms in the
chamber, and could reduce the consolidation of unwanted substances from the residual

gas in the vacuum chamber [28]. To avoid contamination, only those materials with a
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much higher vapor pressure than the heating element can be deposited. Thermal
evaporation of compounds and alloys is not commonly done, since the individual

elements typically have different evaporation rates.

Sputtering relies on ions to strike materials from a target, in which a small number of
atoms are obtained at a time. The physical sputtering process entails the physical
vaporization of atoms from a surface via momentum transfer realized by bombarding

energetic atomic sized particles.

Incident ion .
Reflected ion or atom

O O

O Souttered atom

@)
Surface Secondarv electron

O Implanted ion

Figure 8. A schematic representation of the sputtering process.

Commonly, the energetic particles are ions of a gaseous material being accelerated in an
electric field [29]. For example, during the process of sputtering, the target, such as a

disc of the material to be deposited, at a high negative potential, is bombarded repeatedly
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with positive argon ions. The target material is sputtered away principally in the form of
neutral atoms through momentum transfer and then ejected surface atoms are deposited
onto the substrate placed on the anode. The feature of allowing a great deal of materials
available to use makes sputtering a preferred option over evaporation in many
applications [28]. As shown in Equation 4, the amount of materials, W, sputtered from

the cathode is inversely related to the gas pressure P, and the anode-cathode distance, d:

=— Equation 22

where V is the working voltage, i is the discharge current and k is a proportionality
constant. The target can be maintained at a low temperature by water cooling, and
compounds and alloys can be deposited with good transfer of stoichiometry from the

target to the substrate.

Pulsed laser deposition (PLD) has emerged as one of the simplest and most versatile
methods for the deposition of thin films of a wide variety of materials. The stochiometric
removal of constituent species from the target during the ablation process is one of the
main advantages in PLD compared with other deposition techniques. Different thin film
materials have been deposited by the use of PLD, including metals, semiconductors,
nitrides, dielectrics, oxide, organic compounds/polymers, and ternary compounds. It has
been described as an optical sputtering technique, and with the power source external to

the deposition chamber, multiple chambers can use the same laser [30].
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1.2 Pulsed Laser Deposition (PLD)

1.2.1 History and Fundamental of pulsed laser deposition
Introduction

Pulsed laser deposition (PLD) is a technique commonly used to deposit thin films
[31]. This technique involves the evaporation of a solid target by short, high-energy laser
pulses. The laser beam vaporizes the surface of the target, and the vapor condenses on a
substrate placed near the target.

The PLD technique has the following advantageous characteristics: 1. Simple: a
laser beam vaporizes a target surface, producing a film with the same composition as the
target. 2. Versatile: many materials can be deposited in a wide variety of gases over a vast
range of gas pressures. 3. Cost-effective: one laser can serve many vacuum systems. 4.
Fast: high quality samples can be grown in 10 or 15 minutes. 5. Scalable: complex oxides

move toward the volume production [31].

Historical Development of Pulsed Laser Deposition

1916 — Albert Einstein proposed a hypothesis regarding the process of the stimulated
emission.

1960 — Theodore H. Maiman built the first optical maser by means of a rod of ruby as the
lasing medium.

1962 — Breech and Cross utilized the ruby laser to vaporize and excite atoms from a solid
surface.

1963 — Askar’yan made contributions to the development of the laser beam to liquid

surface interactions.
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1963 — Meyerand and Haught investigated the laser beam to gaseous material
interactions.

1965 -~ Smith and Tumer conducted studies on semiconductors, dielectrics,
chalcogenides, and organometallic materials.

1970s —Q -switches were used to produce short optical pulses under the condition of

peak power.

20
cegn

>108W/cm?. E=

E = electric field of electromagnetic wave (V/cm)

® = power density in (W /cm®)

&= dielectric constant in vacuum (8.85 x 10712 F/m)

n = refractive index

¢ = velocity of light (3.00 x 103 m/s)
1975 — A complex stoichiometry took form with the low temp. superconductor Re Bj,
(Desserre and Eloy)

1979 — (Gapanov et al., 1979) semiconductor superlattices. Also demonstrated reactive
deposition in 1979.

1980s — PLD as a technique for film growth earned recognition and drew a great deal of
interest. Primarily, PLD was used to formulate crystalline thin films with
epitaxy quality. In addition, PLD was present in the growth of the ceramic
oxide, nitride films, metallic multilayers, and various superlattices.

1990s — The swift development of the laser technology rendered PLD more desirable.

Newly developed lasers were characteristic of higher repetition rate than the
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early ruby lasers, which made the growth of thin films possible. Then, reliable
electronic Q-switches laser was adopted to generate optical pulses of extremely
short length. It is this factor that created the opportunities for PLD to be used to
attain the congruent evaporation of the target and to deposit stoichiometric thin
films. In general, this significant breakthrough resulted in the development of
the laser with a high efficient harmonic generator and excimer lasers delivering
UV radiation. The non-thermal laser ablation of the target material was
influenced and became exceedingly efficient thereafter. Additionally, using
PLD to synthesis buckminster fullerness and nanopowers was another example
of its application.

2000s — Some production-related issues began to gain interests, such as reproducibility,
the large-area scale-up, and the multiple-level. In other words, the attention

awarded to the thin film fabrication reached its peak time.

1.2.2 Pulsed Laser Deposition: Mechanisms of Ablation
Introduction

Although the Pulse Laser Deposition (PLD) method is conceptually simple, the
underlying ablation mechanisms are related to complex physical principles, such as
collisional, thermal evaporation, electronic sputtering, exfoliation and hydrodynamics
sputtering. In a typical PLD process, a target is placed in a vacuum chamber, and a pulsed
laser beam converts the target material from solid into a vapor, often with a plasma or
plume formed above the target, the evaporated species have high translational energy,

and expand away from the target toward the substrate where condensation occurs. The
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main components of the above physical process include a laser, optics, and a vacuum
system. In general, the thin film growth process using PLD can be divided into the
following four phases:
1. The connection of a high flux of laser radiation with the target and surface and
the laser-plume interaction.
2. Dynamic ranges of ablation materials.
3. Deposition of the ablation materials with the substrate.

4. Nucleation and growth of a thin film on the substrate surface.

Each phase in PLD is important in fabricating crystalline thin films with epitaxial
quality and those having stoichiometric, uniform and small surface roughness
composition. In the first stage, the pulsed laser beam is focused onto the surface of the
target. The high flux densities and short pulse duration are conducive to the rapid heating
of all elements in the target to their evaporation temperature. Materials are then removed
from the target surface and are ablated out with stoichiometry as in the target. The
fluences of the laser shining on the target determine the immediate ablation rate.

After the laser-plume interaction, during the second stage of the thin film growth,
the emitted materials are inclined to move towards the substrate under the influence of
the gas-dynamic expansion of plasma created by irradiating a solid with laser pulses, and

to demonstrate the forward peaking phenomenon. The spatial thickness is a parameter

that is varied as a function of cos” ¢, and the spot size of the laser and the plasma

temperature exert major effects on the uniformity of the deposited film. In addition, the
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distance between the target and the substrate is a deciding factor that affects the angular
spread of the ablated materials.

The third stage of deposition of the ablation materials with the substrate is critical
in determining the quality of the produced thin film. The reason is that the ejected high-
energy species have effect on the substrate surface and might incur a variety of damage to
the substrate. To be more specific, these energetic species can sputter some of the
surface atoms and a collision region will be shaped between the incident flow and the
sputtered atoms. Then, the film could be produced after a thermalized region is formed.
In fact, the collision region is utilized as a source for the condensation of particles. If the
condensation rate is higher than the rate of particles resulted from the sputtering, the
thermal equilibrium condition can be achieved fast and the film will grow on the
substrate surface under the condition of the obstruction of the direct flow of the ablation
particles and the thermal equilibrium reached.

In the final stage of the nucleation-and-growth of crystalline films depends the
condensing material, temperature and the properties of substrate. The nucleation process
depends on the interfacial energies between the three phases present, the vapor atom,
condensing layer, and the substrate. It is described that the minimum-energy shape of a
nucleus is like a cap. The deposition rate and the substrate temperature are such factors
that might affect the critical size of the nucleus. In the case of the large nuclei, which are
a characteristic of small supersaturation, they create insulated patches of the film on the
substrate which are produced thereafter and coalesce together. While the supersaturation
increases, the critical nucleus is reduced until its height extends to the atomic diameter

and its shape is equal to that of a two-dimensional layer. If the scale of the
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supersaturation is large, the layer-by-layer nucleation will occur for partially wetted
foreign substrates.

In order to grow the crystalline film, the surface mobility of the adatom, or the
vapor atoms, is required. Usually, the adatom will diffuse through different atomic
distances before holding to a stable position within the newly formed film. The adatom's
surface diffusion ability is determined by the surface temperature of the substrate. In
general, the high temperature is conducive to the rapid and defect-free crystal growth,
while at low temperature or large supersaturation, the energetic particle effect might deter
the crystal growth and result in disordered or even amorphous structures.

In the PLD process, during which the short laser pulsed duration (~10 ns) affecting
the small temporal spread (<=10 ms) of the ablated materials, the deposition rate can be
quite high (~10 pm/s). As a result, a layer of thin film can be produced with the aid of
the preferred layer-by-layer nucleation. In addition, since the deposited particles can be
highly energetic (typically 1-10eV in energy), surface diffusion of the adatoms is
enhanced, and surface temperatures can be higher than the bulk substrate. These
mechanisms can help to lower the substrate temperature needed for crystalline film
growth.

As mentioned before, mass removal takes place from the target surface where the
laser ablates. The whole process includes various complex mechanisms. At sufficiently
high flux densities and short pulse duration, elements in the target get more energy by
rapidly heated up. When the target surface material has gained enough energy, particles

are dissociated from the target surface. Five mechanisms for the emission of target
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material have been identified as: Collisional, Thermal Evaporation, Electronic Sputtering,

Exfoliation, and Hydrodynamic sputtering.

1.2.2.1 Collisional

Collisional mechanisms are present for ion and electron bombardment of a target,
but not for photon bombardment. Nonetheless, indirect collisional effects do exist with
photons. It has been shown that as plasma takes shape during the laser-surface
interaction. The plasma formed above the target surface by photon bombardment will

include creating electrons and ions, which collisionally interacts with the target.
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Figure 9. Formation of cone structures during laser ablation, indicating a collisional
interaction of particles with the target surface [31].
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E refers to the maximum energy transfer, E| represents the binary collision between a
particle with energy, and m is rest mass, m,, a target atom of mass. M and M, are

the atomic weights of the two particles.

1.2.2.2 Thermal Evaporation

Thermal evaporation may require temperatures well above the melting or boiling
points. Thermal evaporation commonly indicates a process during which the laser energy
is converted to the lattice vibration energy proceeding to the bonds breaking. Some

atomic-sized materials from the target surface will be released thereafter.

Kelly and Rothenberg (1985) used the following equation describing thermal
sputtering which is based on the application of the vaporizing flux from a condensed
phase:

Vaporizing flux = condensing flux

=pQamf,T)V2

= po{exp .kN;I'V yx (2mmk gT) 2 atoms /m®s  Equation 24
B

where p is the pressure under the condition of the existence of the equilibrium vapor, p,
is a constant, and AH, is the heat of the vaporization while the condensation efficiency

is assumed to be unity. The total loss from the target is demonstrated as

Depth/pulse = Po (2mmk g )'l/ 2 x J@ exp(iHL)T 2 Equation 25
n. 0 k BT

where n, is the number density of the condensed phase.
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1/2
N N
Depth/pulse= (p,,,, T /M 2AH,)x1.53x108m/ pulse Equation 26

where T is the maximum surface temperature, M is the molecular weight of the
vaporizing species, and AH, is in electron volts.

Table 3. Temperature of metling, Boiling, and a Vaporization Rate of 1 nm/pulse for
Selected Solids. [31]

Solid | Melting Point (K) | Boiling Point at 1atm (K) | Temperature for a
Vaporization Rate of
1nm/pulse (K)

Au | 1336 3133 4600

Si 1685 1685 4600

MgO | 3098 3530 4200

SiO; | 1995 3200 3800

In fact, the vaporizing flux equation is a standard thermal evaporation formula and the

condensation efficiency is one, or unity.

1.2.2.3 Electronic Sputtering

Electronic sputtering involves the electronic excitation which leads directly to the
bond breaking. The electronic excitation begins with the absorption of the laser energy,
which results in the excitation of the outer shell electrons. The atoms and ions are
liberated if the excitation energy is greater than the binding energy. For example, a laser

of wavelength A = 248nm, hv = 5.01 eV, so for materials with the bandgaps less than 5
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eV, each photon can excite an electron across the bandgap. One characteristic of this

mechanism is the existence of a threshold energy density for the particle emission.

1.2.2.4 Exfoliation

Exfoliation of materials can occur when a target is repeatedly thermally shocked
yielding flakes of materials that break from the surface. It typically occurs when the
system has a high linear thermal expansion (AL/L), where L is the thickness that is heated
and AL is the change in thickness, a high Young’s modules (b, a high melting point
(Tu), and the laser-induced temperature excursions approach but do not exceed 7. The
thermal shocks occur repeatedly and, since they are not relieved by melting under the
above conditions, they eventually lead to cracking.

According to the argument of Kelly, the thermal shock can be measured in terms of

thermal stress which can be expressed as

stress = EAL Equation 27

Table 4. Quantities needed for evaluating thermal stress by means of Equation 5 [31].

Solid | Linear Thermal Expansion | Young’s Modulus, E EAL/Ly
of the Solid of solid (10'°xPa) (10"°xPa)

Au |0.018 8.0 0.12

Si 0.0054 11.3 0.06

MgO | 0.045 26 1.2

SiO; | 0.00077 7.2 0.006
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Evidenced from the table, exfoliational sputtering will not occur with low melting
metals. In addition, due to the influence of the low thermal stress, gold and silicon, in

particular, are not expected to experience exfoliational sputtering.

1.2.2.5 Hydrodynamic Sputtering
Hydrodynamic sputtering comprises the formation of droplets on the surface of the
target material caused by surface melting, and the eventual expulsion of droplets as a

consequence of the transient melting.

Figure 10. Droplet formation in the gold target. Sputtering of polycrystalline Au in air
after 4320 pulses from an ArF excimer laser (193nm) of 12 ns and 2.51/cm’.
(From Kelly et al. 1985)

Plasma gas-dynamic expansion
Semiquantitative models have provided expressive power for the expansion

of a laser-| d plasma plume. Gas dynamics are deemed to be a factor

influencing spatial and velocity distributions and the hydrodynamic equations can be
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used to model the gas cloud moving away from the target. The model is focused on
analyzing the density of the gas that is time-and space-dependent and the angular velocity
distribution of the ejected particles. In the simulation process, the particle motion is
developed in the direction x-axis perpendicular to the two lateral directions of the target
plane, y and z. The process can be divided into following steps: interaction of the laser
with the target resulting in the formation of the plasma, the isothermal expansion, and the
adiabatic expansion of the gas cloud.

According to the above illustration, the first two regimes take place during the laser
pulse, and the latter one is especially applied after the laser pulse is over. In the
isothermal expansion, since the description of the relation between mass, momentum and
plasma energy is required, the gas-dynamic equations of mass and momentum
conservation are preferred. The velocities are determined by the pressure gradient, which
influences the development of the expansion into an anisotropic form. When the laser
pulse ends, the regime changes to the unsteady adiabatic expansion (UAE), in which no

injection of particles is considered into factors controlling the expansion.

Surface
of target
. Unsteady adiabatic
Free flight i expansion {  Knudsen
‘!’ 'i‘ layer
! ol-. - [ 2
coW\ e
Flow velocity Gas-kinetic velocity

Figure 11. Plasma gas-dynamic expansion [31].
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The dimensions of the gas cloud govern the expansion of the plasma in three
directions once it is formed. For example, when the influence from the target is large, the
highest velocities are in the direction of the smallest dimensions and vice versa, which
helps produce an ellipsoidal plume that is stretched out from the surface. In addition,
transverse expansions are created, which are determined by two lateral dimensions of the
gas cloud when the plume is close to the target. In this situation, the forward expansion
is the preferred direction. For example, an elliptical plume is produced by a symmetrical,
or circular, spot. Nonetheless, in the situation of the non-symmetrical spot, the expansion
velocity is larger for the direction where the spot is smaller initially. At that time, due to
the influence of the laser spot anisotropy, the pseudorotation, or flip-over, of the plume

shape will take place.

Material

Laser produced plasma plume from a metal target

Figure 12. Laser produced plasma plume from a metal target [32].
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In terms of physical composition, the laser induced plasma can be divided into
three regions as shown in the above image.

Region-I is the essential part, in which the emission of the plasma occurs close to
the sample surface. In the sample surface, the temperature is set at maximum and nearly
all the species are in inonized state.

Region-II is the middle region, in which both neutral and a certain number of
molecular species appear with the exception of ionized species.

Region-1II is the extended region of the plasma. In this region, the plasma
temperature is lower compared with other two regions, and the molecular species with

larger density are present.

1.2.3 Particulates generates by pulsed laser deposition

In general, the quality of the deposited film is mainly determined by the
crystallinity of the lattice and the surface smoothness. The generation of particulates by
pulsed ablation is the major factor influencing the smoothness of the resulting thin film.
To be more specific, the nature of particulates covering the surface of thin films,
including the generation rate, the chemistry, the energy, the size, and the microstructure,
is determined by the process condition and the type of the material [33]. In particular, in
the case of high-performance optical and electronic applications, due to the rigid
constraints on surface smoothness, the demand for the particulate density and its size is
extremely high.

In the following paragraphs, details about particulates are discussed in five sections.

The first is related to their participation characterization.
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Table 5. The different shape and size between the three phases.

Solid Liquid Vapor
Shape Irregular Spherical Spherical or
polyhedral
Size Sub-micron Micron nanometer

Based on the status of the original matter, there are three categories defining
particulates produced by pulsed laser ablation, especially at the moment when they are
expelled from the target. The original matter could be in solid, liquid, or vapor state.
The origin of the particulate generation is multifaceted as shown in the Table 5.

The second section is pertinent to the chemistry of particulates. Since it was found
that films produced by PLD process have chemistry quite similar to that of the target, a
mechanism meant to create an environment inducing the exhaustion of lower melting
temperature element in the particulates is viable. According to this mechanism, the
composition of the ejected liquid droplet positioned above the surface is hypothesized to
be fairly similar to that of the target. In addition, the depletion of the low melting
temperature element takes place principally as it is moving close towards the substrate.
For example, in the case of a particulate of radius r, a depletion layer of thickness is
assumed to be /, hence, the normalized resultant content of the depleted element can be
obtained as

0, —
RESULTANT% _ r—13 Equation 28
INITIAL% r

In the third section of the characteristic of microstructures, the focus is on the

cooling rate that is found to be an important factor deciding the microstructure of
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particulates. The reason is that particulates become solid as a result of molten droplets
ejected from the target. Currently, the cooling rate is measured by two different methods.
When the ablation experiment is operated in vacuum, cooling is mainly noticed as radiant
rather than convective. Put it in simples, the cooling rate can be expressed as

6

p“p

T=( Yeo (T4 - T3 Equation 29

where D is the particulate diameter, p is the material density, C, is £he heat capacity of
the material, ¢ is the radiant emissivity, o is the Stefan-Boltzmann constant, T is the
temperature of the particulate, and Ty is the surrounding temperature. From this formula,
it is known that as the cooling rate is high, the solidified particulates tend to have finer
microstructures. Moreover, this formula is also applicable to the conventional powder
production process, such as atomization and splat quenching.

The fourth part of the discussion is focused on the effects of processing parameters,
two of which are the laser fluence and the laser wavelength. In the situation of using a
specific material and setting the laser wavelength within a certain range, the laser fluence
on the target was found to be able to exert most significant effect on the particulate size
and density. Fluence, which is to specify the energy delivered in a given time, provides a
powerful foundation deciding how much the tissue will be heated by the laser
pulse. Higher fluence means more heating is required, which has more effect on the
tissue. Among the various factors related to the setting of treatment levels, the laser
fluence is deemed as the most influential one. The laser fluence is measured in joules per
square centimeter, rather than the power or pulse energy per unit area as in the case of
usual definition. The fluence is derived from dividing the pulse energy by the area of the

spot, whose size has determining power on the fluence. In other words, varying the laser
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power or the laser spot size can result in changes in the laser fluence. Usually, if the laser
power is set constant, the particulate number density is higher with tighter focus.
Particularly, a threshold laser fluence exists, below which the particulates are negligible.

In addition, the impact of the laser wavelength A on the effectiveness of the
absorption of the laser power into the target has been observed. In certain cases of
metals, the absorption coefficient o decreases with the declining A, which leads to a
larger laser penetration depth in metals in the Ultraviolet (UV) range compared with that
in the infrared (IR) range. Aside from these observations, for other materials, by taking
different absorption mechanisms into account, such as lattice vibration, free carrier
absorption, impurity centers, or bandgap transition, the definition of the relationship
between the absorption coefficient and wavelength is far more complex. For example, in
the case of oxide superconductors, unlike the above conclusion obtained from metals, the
laser penetration depth appears to be larger in the near IF than in the UV range. On the
whole, it is estimated that the principle impact that the laser wavelength has on the
generation of particulates is ascribed to the difference in the absorption coefficient when
various laser wavelengths are used.

In the final section, the target-to-substrate distance is discussed, whose effect is
reflected in the angular spread of the ejected flux if the film is deposited in vacuum. Ata
larger target-to-substrate distance, or with the influence from the ambient pressure,
particulates might occur; especially diverse types of particulates may emerge depending
on the position of the substrate. This situation usually arises during the PLD process

conducted in a poor vacuum. Normally, particulate trajectories are in various directions
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if a defocused laser beam is used, compared with the condition in which an extremely
focused beam is used to help generate a collimated jet of particulates.

In fact, the effects of the target-to-substrate distance and the ambient pressure could
be interrelated. The improved collisions between the laser-produced plumes will affect
the increase of the background gas pressure. This argument is supported by the study of

Dyer et al (1990). According to their investigation, E/F, is used as a scaling parameter
for measuring the plume range, where E is the laser-pulse energy and F, is the

background gas pressure. Furthermore, the length of the plume can be explained by

Loc(E/ p0)1/37 , where y represents the ratio of specific heats of the elements in the

plume. If the target-to-substrate distance is greatly smaller than L, there are no
discernible changes in the particulate size and the density. Nonetheless, when the target-
to-substrate distance increases, the quantity of smaller particulates will decline compared
with that of entire particulates. Then, a few larger particulates will emerge, which
implies a merge takes place during flight. Moreover, as soon as this distance is large
enough, or the substrate is located far beyond L, the adhesion to the substrate is reduced
to a certain degree. The substrate is composed of the ejected matter, including the

particulates and atomic species.
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1.3 Thermodynamic and chemical potential

In terms of being predictive of whether an alloy is in equilibrium, thermodynamics
is deemed to be a useful tool, especially during phase transformations in which changes
toward equilibrium are usually the main concerns. In fact, this is also the main
contribution that thermodynamics has made to physical metallurgy [34]. In normal
situation under which the temperature and pressure is constant, the relative stability of a
system during phase transformations is determined by its Gibbs free energy (G). The
Gibbs free energy of a system is defined by the equation

G=H-TS Equation 30
where H is the enthalpy, T the absolute temperature, and S the entropy of the system.
Enthalpy is a measure of the heat content of the system and is induced by the following
equation

H=E+PV Equation 31
where E is the internal energy of the system, P the pressure, and V the volume. The
internal energy occurs from the total kinetic and potential energies of the atoms within
the system. There are two sources of the kinetic energy, one of which is from the atomic
vibration in solid or liquid status. The other one is from translational and rotational
energies for the atoms and molecules within a liquid or gas. In the latter condition, the
interactions between the atoms within the system give rise to the desired energy.
Moreover, changes in the internal energy and the volume of the system will determine the
status of the absorbed or evolved heat when a transformation or reaction takes place.
Then, this situation can be applied to the two factors, pressure and volume, made of the

term PV, and result in the condition that, at constant pressure, the heat absorbed or

43



evolved is produced corresponding with the change in H. Usually, PV is comparatively
small with E when operating under condensed phases, including solids and liquids, which
lead to the possible difference between H and E. The remaining factor that is related to
the term G is S, the entropy of the system, which is to measure the randomness of the
system.

A definition of a system to be in equilibrium means it is in the most stable state,.
Applying the laws of classical thermodynamics, a closed system, such as through the
fixed mass and composition, if set at constant temperature and pressure, will be in
equilibrium with the aid of the lowest possible value of the Gibb free energy, or AG =0.
According to the definition of G, if the state is described to be at the highest stability, at
the minimum energy caused by a low enthalpy and high entropy. At low temperatures,
since solid phases have the strongest atomic binding, which is contributive to the lowest
internal energy, they are preferably stable. On the other hand, at high temperatures,
phases are influenced by the negative product of the absolute temperature, 7, and the
entropy of the system, S, and therefore are demonstrated with most stable state
characteristic of more freedom of atom movement, liquids and gases.

The following chart illustrates the lowest possible free energy defining the

equilibrium condition.



Gibbs Free
Energy (G)
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Figure 13. Variation of Gibbs free energy with the arrangement of atoms.
Schematically, the configuration G2 has the lowest free energy which
results in a system that is at stable equilibrium. The configuration G1
is a metastable equilibrium.

If placing these configurations onto the Figure 13, in which different atomic
configurations can be represented by points along the abscissa, the configuration G2
would be seen to be at the stable equilibrium state. At this point, minor changes in the
arrangement of atoms to a first approximation create merely no changes in G, which
could be representative of the example of AG =0. Nonetheless, if desiring to create the
value AG =0, other arrangements, such as G1, could potentially make contributions by
which placing at a local minimum in free energy and therefore also satisfying AG =0.
This condition, however, does not have the lowest possible value of G. The condition at
G1 is called a metastable equilibrium state. In reality, during the states for which AG # 0,
called intermediary states, the unstable status could be only realized lasting a short period
of time. On the other hand, if the effect of thermal fluctuations on the arrangement of

atoms is sufficiently high, atoms can rearrange into one of the free energy minima. A
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system can transform into a new stable (or metastable) equilibrium state with a change of
temperature or pressure.

Since any transformation leading to a decline in Gibbs free energy is possible, a
definite criterion for any phase transformation is

AG =G2-G1 <0 Equation 32

where G1 and G2 represent free energies of the early and final states, respectively. Being
able to skip a series of intermediate metastable states, the transformation could arrive at
the stable equilibrium state directly.

By definition, the intensive properties of a system refer to those that are
independent of the size of the system, such as T and P, while the extensive properties are
those that are changing in proportion to the quantity of materials in the system, such as V,

E H Sand G.

1.3.1 Binary solutions

Similar with single component systems, in which all phases have the same
composition and the equilibrium simply encompasses pressure and temperature as
variables, the composition is also variable in the case of alloys. Nonetheless, in order to
understand phase changes in alloys, an appraisal of how the Gibbs free energy of a given
phase is required, which is determined by the composition, the temperature, and the

pressure.
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1.3.1.1 The Gibbs Free Energy of Binary Solutions
In order to obtain the Gibbs free energy of binary solutions in alloys, a calculation

of individual atoms in the system is necessary, which is derived from the free energies of
pure atoms. For example, during the mixing of atom A and B, the two materials are
mixed to create a solid material, or the system, in a flexible way, which is to set one mole
mixed with X mole of A and Y mole of B. The following formula can demonstrate the
relationship between X and Y

X+Y=1 Equation 33
where X represents the mole fraction of A in the alloy and Y is the mole fraction of B.

Thus, the total free energy of the system before the process of mixing is shown as

Giotal =XG 4 +YGp Equation 34

where G 4 is the free energy of material A and G, is the free energy of material B

Ga

o
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—

Figure 14. Vanation of G (the free energy before mixing) with alloy composition.
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Due to the difference in Gibbs free energy, during the mixing process, the total free
energy of the system will not remain stable, such that after the mixture is formed, the

total free energy becomes G,,,;'
Giotal'= Groral +AG Equation 35

where AG is the difference in Gibbs free energy before and after the mixing.
Combining the condition of G,y =H - TS, G,p1q;'= H'-TS', and AH = H'-H and
AS = S§'-§, we could get the following conclusion

AG =AH -TAS Equation 36
AH represents the change in heat during the process of mixing as well as the change in
internal energy (E) which is caused by the mixing. On the other hand, AS refers to the

difference in entropy before and after the mixing.

1.3.2 Chemical Potential

By definition, the chemical potential of a fixed entropy and a volume
thermodynamic system refers to the possibility of energy changes in the system with the
introduction of an additional particle. If a system has various species of particles, a
variety of different chemical potentials would take place, which is associated with each
species of particles respectively. In the situation, the change in energy is explained by
the growing number of the particles of that specific species which is increased by one. In
terms of the investigation of systems composed of reacting particles, the chemical
potential is especially critical. For example, in the case of two species 1 and 2, particles

belonged to species 1 can transform into those of species 2 and vice versa. A
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supersaturated design mixed with water liquid (species 1) and water vapor (species 2) can
exemplify this kind of situation.

According to the second law of thermodynamic, which states that heat plays an
important role in energy conversions in that all forms of energy can be converted into
heat, nonetheless, the reverse process cannot be realized by way of transforming the
converted heat back to its original form. In other words, the conversion process
involving heat cannot be initiated without loss. Based on this fact, any increase in one
chemical potential would lead to a net release of energy of the system in the form of heat,
during which the species of increased potential transform into the other species.
Similarly, if the reverse transformation occurs, a net gain of energy would emerge in the
form of heat. If the system is in equilibrium, the chemical potentials of the two species
should have been equal. In the case of alloys, if atoms are added or removed,
understanding how the free energy of a given phase will change is meaningful. For

instance, if dn 4moles of species A, is added or removed to a large amount of a phase at
constant temperature and pressure, the size of the system will increase bydn 4. Thus, the
total free energy of the system will increase by AG’.

More importantly, if dn 4 is small enough, AG’ will be produced in proportion to

the amount of A that is added. Following this rationale, we can get the equation shown

as
AG'= ,uAdnA Equation 37
where u 4 is called the partial molar free energy of A, or the chemical potential of A in

the phase, with the proportionality set as constant. Since x4 is determined by the
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composition of the phase, dn 4 must be small enough not to influence the change in the

composition.

oG’

Ha=(=—)T pPn Equation 38
anA o

B

The symbol G’ represents the Gibbs free energy, which could simply refer to the whole
system. Usually, since the symbol G is used to signify the molar free energy, it refers to

the fact that it is independent of the size of the system.

1.4 Growth Mechanism

1.4.1 Vapor-Liquid-Solid (VLS) Growth Mechanism
Introduction

Normally, the nanowire synthesis involves a vapor phase, such as their growth by
means of chemical vapor deposition, physical vapor deposition or pulsed laser deposition.
Among the various nanowire growth methods, the vapor-liquid-solid (VLS) mechanism,
which was proposed by Wagner et al. as for the growth of single-crystal silicon whiskers,
is particular popular [35]. Moreover, Givargizov has developed the growth model and
delineated it within the framework of kinetics [36]. The VLS reaction was adopted by
Westwater to grow silicon nanowires by using silane as the Si source gas and Au as the
mediating catalyst [37].

In the VLS growth mechanism, a liquid metal region is formed by means of raising
the temperature of the metal and semiconductor above the eutectic temperature. The

liquid metal region also serves as an energetically preferred location supporting the

50



absorption of gas-phase reactants, which is related to the high sticking coefficient of the
molten alloy. At least two basic mechanisms of the eutectic alloy formation can be
emphasized currently [38]. The first is the formation of the eutectic alloy. Before the
formation of the eutectic alloy, the intermediate layer of supersaturated solid solution is
formed which is followed by the growing defects concentration into these layers and the
increase of the free energy of the system. Actually, the increase of the free energy is the
reason why the eutectic systems are easily melting. Different from the first mechanism,
there is no formation of solid solution in the second mechanism. Based on the
application of the adhesion theory and the mechanism of contact melting, the developing
surface force between the atoms in the two surfaces takes place in micro-regions of
physical contact between the conjugated crystal phases, and the transition epitaxial zone
can be formed without the formation of solid solution. Actually, the formation of these
transition epitaxial zones would result in the subsequent reduction of differences in
lattices parameters between solid phases at the interface region under the condition of the
stress present at the interface. In terms of the metal addition to the target, Wagner and
Ellis have made great contributions. According to the study of Wagner and Ellis, since
epitaxial structures are defined in location and diameter by the metal catalyst, the addition
of such metals would catalyze their growth. The increasing gathering of the
semiconductor encourages the achievement of the supersaturation condition in the metal-
semiconductor alloy, which prompts the semiconductor phase to detach from the alloy
and to form the next epitaxial layer at the base of the liquid. Then the cluster

supersaturates and grows into one-dimensional wire of the material, under which the
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alloy cluster is produced. Experimental parameters, such as temperature and pressure,

and the nature of the metal catalyst determine the formation of the produced wire.

1600 =]
1400 |

1200 |

o
© 1000 _
3 g ]
E 3 . . 4
g 800 | (Au81)l + Si s ]
£ : ]
S 600 \Y ]
400 | ]
! ] R
F«— Si—4
200 A;.AL.' 1 2 2 2 1 2 2 2 A 2 2 2 Il 2 2 2
0 20 40 60 80 100
Atomic % Si

Figure 15. Phase diagram for the gold-silicon system.

This phase diagram plots the atomic percentage of Au and Silicon along the X-axis
and temperature along the Y-axis. In the Region I, since the temperature in the Au-Si
system is set below the eutectic temperature (~360° C), which is the minimum melting
temperature of any possible alloy, no molten ally is formed. The reason is that eutectic
implies that an alloy has a sharp melting point. Eutectic, or eutectic mixture, is a mixture
of two or more elements which has a lower melting point than any of its components.
Moreover, one characteristic of eutectic corresponds with the possibility that specific
composition has the lowest melting point of an alloy. For example, if an AuSi alloy has

19.5 atomic % of Si and 80.5 % of Au, it will melt at T=360° C. On the other hand, in

solid phases composed of solid forms of pure Au and Si, solid up to 1063° C and 1412° C,
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respectively, Au and Si will coexist as solids in every atomic percentage of these two
elements at the interface between them.

In the Region II, the solid form of gold and silicon starts to form liquid alloy if the
following conditions are met: the temperature is higher than eutectic temperature
(~360°C) and the weight percent concentration of silicon is raised to a certain level,
usually 82%. When these conditions are present, a molten alloy would be formed.
Region I is a biphasic region; in which the solid gold and Au-Si molten alloy coexist. If
more volume of the silicon is added into the system, the molten alloy will absorb more
solid gold, which boosts the size of the Au-Si alloy droplet. Due to the characteristic of
high sticking coefficient of the molten alloy, in which a large proportion of added atoms
are adhering to its substrate, a liquid metal region is formed and provides a place
attracting the absorbed gas-phase reactants.

In the Region III, due to the further absorption of atoms from the vapor phase, the
silicon percentage will increase with time at certain temperature, which results in the
increase of the gold and silicon droplet. The alloy remains liquid within this region while
no solid phase exists. Nonetheless, if there are more and more silicon atoms added into
the system, the whole system is pushed to fall into the Region IV, in which the solid
silicon begins to emerge in the system with other variables, including temperature and
pressure, remaining constant.

In the Region IV, the gold and silicon alloy remains in liquid state. With the
atomic percentage of silicon increasing, the silicon crystal starts to grow. As the silicon
concentration increases over 50 atomic percent at 1000 ° C, the silicon will begin drop

out of the molten alloy as a solid, lowering the concentration of silicon in the melt, and
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moving to the left on the phase diagram. Through this mechanism, the diameter of the
resulting nanowire depends on the size of the Au-Si droplet. As more silicon added into
the system the alloy again supersaturates and more silicon solidifies from the melt in a
repetitive manner to continue the nanowire growth. The size of the Au-Si liquid alloy is
also determined by the temperature of the substrate. The higher the substrate temperature,
the larger the Au-Si liquid alloy becomes, which influences the formation of bigger
diameter nanowires.

As the temperature of the system is raised above the eutectic point (~ 360° C in
Figure 15), a molten alloy is formed. For proper growth of the nanowires it is desired to
have the impinging silicon adatoms to preferentially stick at the molten alloy locations.
Since the sticking coefficient of a liquid is very high, conditions for reducing the sticking
coefficient at all other locations (silicon on silicon) are sought. As described previously,
this condition can be met by raising the temperature of the substrate, and thus enhancing
the surface diffusion of the adatoms. As the alloy supersaturates with silicon, the solid
silicon drops out of the molten alloy to form the next layer of the nanowire, and the

molten alloy is pushed to the top of the wire.
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Figure 16. Gold droplets form an alloy with the silicon. The alloy has a eutectic point
near 360°C, above which it is molten.

By using VLS technique, controlling the metal droplet location the location of nanowires
can also be controlled. We initially investigated different patterned shapes to see if it was
possible to control the location of the metal droplets to specific locations within the

pattern.

Kinetics

In kinetic studies the crystal growth rate is usually measured as a function of the
driving force, such as supersaturation. For the growth of whisker, the discovery of the
dependent relationship between the axial growth rate and the whisker diameter is
especially enlightening. A method has been proposed to the sort out the determining

factors of the supersaturation and those of the kinetic coefficients of crystallization, under
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the condition that the specific energy of the prismatic whisker surfaces is already
specified. This method is based on the application of the Gibbs-Thomson equation and
certain kinetic laws of growth.

Since the vapor pressure and solubility of Si increase with the diminishing diameter
of the whisker, the growth rate decreases under the influence of the decreasing
supersaturation.  According to Gibbs-Thomson’s contention, the decrease of the
supersaturation as a function of the whisker diameter can be given as

Ap=Auy-4Qald Equation 39
where Au is the valuable difference between the chemical potentials of Si in the vapor
phase and those in the whisker, Ay, is the similar difference at a plane boundary
(d > o), a is the particular free energy of the whisker surface, and Q is the atomic
volume of Si.

Since the dependence of the growth rate ¥ on the supersaturation Au/kT , where k
and T have the usual implications, is unidentified in advance, experimental data must

provide related information effectively. For the singular faces, the dependence is not

linear and, however, in many cases is of nth power

V ~(Aul/kT)" Equation 40
This proportionality can be expressed as an accurate equation:

V =b(Au/kT)" Equation 41
where b is the coefficient independent of the supersaturation. Based on this equation, it is

concluded that this independence can be used as a criterion determining n from

experiments. Furthermore, substituting Az, we can obtain
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pln _ Bt 1n _40a,1/n 1

Equation 42
kT kT d

which is equivalent to a linear dependence of yl/n opposed to 1/d.

1.4.2 Solid-liquid-solid growth mechanism

Solid-liquid-solid is corresponding to the mechanism making use of the sequence
of vapor —liquid —solid. In the case of Ni thin film on Si (111), due to the relatively high
solubility of Si in Si;Ni eutectic alloy, more Si atoms will diffuse through the solid
(substrate)-liquid interface into the liquid phase, such as Ni-Si droplets. A second liquid-
solid (nanowire) interface will take shape when the liquid phase becomes supersaturated
owing to thermal or compositional fluctuations, which leads to the growth of SiNWs.
Since this growth process involves the phase changes of solid-liquid-solid, it is named as
the SLS growth, which is actually equivalent to the VLS mechanism.

From a kinetic perspective, due to the fluctuation in Si-Ni liquid droplets, the
concentration gradient and the supersaturation are driving forces for this uninterrupted
diffusion of Si atoms from the substrate through the substrate-liquid interface to the
liquid droplets, and then through the liquid droplets-nanowires to load themselves onto
nanowires. On the other hand, the carrier gas Ar,/H, will run into the surface of the
semisphere-shaped Si-Ni liquid droplets, and will swap energy and momentum with
atoms at the surface of the Si-Ni nanoparticles, stimulating the occurrence of overcooling
at the surface of the droplets. This overcooling is vital to commence a favored

unidirectional growth of a-SiNWs.
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1.4.3 Oxide assisted growth

Introduction

Supported by the result of the experiment which showed that the metal catalyst was
not observed in Si nanowires even when metals were mixed in the target, a different
model has been proposed. Moreover, it was discovered that metal was not a necessary
component of the Si nanowire synthesis through laser ablation. Instead, SiO, was the
special and effective catalyst, which could fundamentally improve the growth of Si
nanowires [39].

In this oxide-assisted growth (OAG) method, oxides, rather than metals, play an
important role in inducing the nucleation and the growth of nanowires [40]. Because of
the metal-free property, OAG not only supports large-quantity production of nanowires
with controllability, but also yields nanowires characteristic of metal-free high purity.

The understanding of the OAG mechanism still has not developed into mature
stage. Nonetheless, based on the success of the growth of nanowires from different

materials, this growth mechanism deserved better attention.

Methods

S. T. Lee etc. [40] contended that the growth mechanism is assisted by silicon oxide.
Specially, the vapor phase of Si,O (x>1) generated through thermal evaporation is the

main determinant. It is assumed that the nucleation of nanoparticles generally takes place
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at the substrate by means of different decompositions of silicon oxide at the relatively
low temperature of 930°C as shown below.
Si, O — Si,_y +SiO(x>1) Equation 43
and
28i0y — Si+ SiO, Equation 44
These decompositions lead to the precipitation of silicon nanoparticles, such as the
nuclei of Si nanowires, which are covered with shells of silicon oxide as observed.

Essentially, a large amount of Si nanowires have been synthesized through thermal
evaporation by mixing silicon and SiO; powder. In order to form Si nanoparticles, or

nuclei of nanowires, Si oxide vapor generated from the powder mixture first condensed
on the substrate and then decomposed. A Si nanowire nucleus was composed of a
polycrystalline Si core with a high density of defects and a silicon oxide shell. The
growth mechanism was proposed to be properly associated with the imperfect structure of

Si crystal cores and SiO.
During evaporation, since Si,O vapor was recurrently generated, the nucleation

could occur with different crystalline directions, either on the side surfaces or the tips of
nanowires. If the nucleation takes place on the side surfaces, the forking of the
nanowires is often observed. On the other hand, if it takes place on the tips of nanowires,
a re-nucleation will occur. Especially, since the nuclei formed on the tips in an adverse
growth direction could not grow fast, a re-nucleation shall inevitably occur again, which

will lead to the formation of nanoparticle chains.
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Nanowires

Nanowires of different materials utilizing this method have been grown primarily
either by thermal evaporation or laser ablation. For example, Si nanowires have been
synthesized through thermal evaporation by mixing silicon and SiO, powder [39,40]. In
a similar fashion, the synthesis of MgO nanorods has been achieved by mixing Mg and
CuO powder [41], and ZnO nanowires are the production by combining ZnO and SnO;,

[42].

1.5 Vacuum Sciences

The kinetic theory of Gasses

The kinetic theory of gases was initially developed by Maxwell and was then
investigated extensively by many following investigators. The main contribution of this
theory lies in its useful explanations for both the bulk properties of a gas and the transport
properties. The former includes elements such as the pressure, molecular impingement
rate, and the distribution of molecular velocities, while the latter involves viscosity,
thermal conductivity, and diffusion. This division is based on the employment of
dynamics of the motion of individual molecules.

Essentially, the basis of the kinetic theory of gases is in close relation to two
primary assumptions. The first premise hypothesizes that molecules of a gas are in
constant motion, and this motion is significantly connected with macroscopic properties
known as the temperature and pressure, distinguishing the state of the gas within a

specific small region. The second hypothesis is that gas is composed of small particles.
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In the gaseous state, these particles are monatomic or polyatomic molecules at moderate
temperatures while at higher temperatures, they may be fully unconnected and
transformed into atoms or even into positive ions and electrons in order to give shape to
plasma.

It is assumed that the core of a mass of the molecule is moving toward the same
direction with a constant velocity between collisions with other molecules. The forces
between molecules are barely noticed only when the distance between the molecular
centers and molecules is reduced to the range known as the mean molecular diameter.
Velocity is viewed as a vector which must be measured in relation to some rigid
reference frame. The magnitude of the velocity vector is defined as the speed of the
molecule. Since kinetic energy is proportionally related to the square of the molecular
velocity, it is a scalar quantity.

By definition, temperature is quantity proportional to the average kinetic energy of
the translation of the particles in a reference frame, which is moving with any fluid flow
within a specific small region. In the case of monatomic molecules, the effect of
increased temperature is mainly discerned through amplified translational energy of the
molecules. On the other hand, as for diatomic and polyatomic molecules, increased
rotational energy of the molecule approximately one or more axes and increased
vibrational energy of the component atoms regarding mean positions of equilibrium are
both originated from increased temperatures by means of intermolecular collisions. The

assumptions involved in this model are as follows:

1 Any fixed volume of gas incorporates a great deal of molecules.
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2  The influence of molecules only emerges when molecules collide. Between
collisions with each other or with the container walls, they travel in the straight
direction.

3 All directions of molecular velocities are of identical possibility.

4  Collisions of one molecule with another or with surfaces that are positioned open to
the gas are entirely flexible. All surfaces are regarded to be smooth.

5  Although there are any possible magnitudes in relation to the speed of a given
molecule, the number of molecules with speeds in a specific range is constant with

time.

1.5.1 Rate at Which Molecules Strike A Surface.

In order to study the role of pressure in the kinetic theory, the discussion about the
molecular impingement rate is critical. The impingement rate refers to the number of gas
molecules that hit a specified area in the system per unit time. The molecular
impingement is adopted to formulate pressure in the kinetic theory. It is usually stated in

units of molecules / sec— cm? .

As described in the Assumption 3, in Figure 17 all directions of molecular
velocities are consistently probable, which considers the same probability of all directions

of molecular velocities.
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Figure 17. All directions of molecular velocities are consistently probable.

A vector always represents the direction and the magnitude of its velocity. We can
relocate all vectors to a common origin and to a sphere of radius built close to this origin,

shown as follows:

Figure 18. A vector always represents the direction and the magnitude of its velocity.
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In this structural expression, the velocity vectors cross the surface of the sphere at
many points, equivalent to the number of molecules intersected in the system. The
average number of intersections per unit area is expressed as:

N = N Equation 45
S  4m?

Hence, the number of intersections on any part of the surface of the sphere, dS, is

dN = (LszS Equation 46
4nr

which is independent of where dS is located on the sphere.
Expanding this formulation further and defining a specific surface element, dS, in

terms of the polar coordinates €, ¢, an equation can be developed as follows:

dS = r? sin Gd6d¢ Equation 47
representing the number of molecules whose velocity vectors intersect this constituent of

area. This indicates the number of molecules whose velocities are directed within a polar
angle from 6 to 6 + d6 and azimuthal angle from ¢ to ¢ + d¢, which is called d’N 0,6

is where
2 N . .
d*Ng 4= (——)(sm 6dadgp) Equation 48
’ Ar

The result mentioned above can be used to identify the molecular impingement rate,
the rate at which molecules from the gas run into a unit area of the surface that are
exposed to the gas, either the container surface or any area made within the bulk of the

gas. Consequently, this could be realized by assuming a random element, d4, of any



surface exposed to the gas, and making a line normal to the plane of d4, and a reference

plane posed at a 90 degree angle against the normal.

N9,¢,v = d3n9,¢,vdv

vdn , . . Equation 49
= dAdt ( )sin @ cos 8d 6d ¢
4z
N,
Ig 4y = g’z;v = (4—17;Jvdnv sinfcos dd 9d¢ Equation 50

By integrating the equation above with respect to & from zero to 7/2 and respect to ¢ from

zero to 2m, yielding

I, = (L)vdnv (27[)(1) Equation 51
4 2
So the total impingement rate for all molecules, irrespective of their speeds, is
1=1/4fvdn, Equation 52
We can rewrite the equation in terms of ® as
lg g = (LJvdnv cosdw Equation 53
s 4r
The total impingement rate for all velocities per unit solid angle is thus
I, = (=) cos 8 j vdn, Equation 54
4
I, = 1 v 0 Equation 55
4 V4

This is known as the Cosine Law or Cosine Rule.

1.5.2 Ideal Gas Law Pressure
Understanding of the impingement rate may be beneficial to developing an
expression for the pressure influencing the container walls originated from the collisions

of the gas molecules with the walls. The pressure refers to either the force exerted per
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unit area by the gas molecules on the walls of the container or the rate at which the
momentum is transmitted to the unit area of wall surface.
p=nKT Equation 56
According to the kinetic theory, due to the impact of molecules on the confined
walls, a gas yields a pressure on these walls. Since during the process of the gas exerting
pressure on the inactive solid wall of the enclosure, no energy is lost from the gas, it
appears that each molecule is projected back from the wall with the same speed as that
with which it strikes, but in the reverse direction regarding the normal. In other words,
these resulting impacts are absolutely elastic.
It is hypothesized that a molecule of a mass m moves toward a smooth wall surface
belonging to the x, y plane with the velocity component,v,, vertical against the wall.
Since the rebounding rate of a molecule is consistent, the change of momentum per

impact is2mv,. Then there are v molecules striking the unit area, which results in
2mv,v. Nonetheless, the pressure, P, on a wall is known as the rate at which the
momentum is lent to a unit area of surface. Therefore,

2mZv2V =P Equation 57
where the summation is total values of v,v and all molecules are presumed to have the

same mass m.

The final step is to calculate v. Among all of the molecules within a volume AV

stretching out from a small area, AxAy, of the wall by a distance |v,d!|, where dt is a

short interval of time. In equilibrium, only a half of the molecules will be moving with

velocity components v, toward the wall. Let n, represent the number of molecules per
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unit volume in the gas within AV that have a velocity component of either v, or —v,.
Then the flux rate against the wall willbe v =n,v,/2,and 2m> v,V = P becomes
P= ’”Z nzvg Equation 58

The sum of the speed of a molecule with velocity components is the square root of the

quantity
v? = v)% + vf, + vf Equation 59
Defining the averages
<v3> = (Z nxv,zc )/ n, Equation 60

(v)2,> = (Znyvf,)/n,
()= nvDyrm,
where n is the total number of molecules per unit volume without considering velocity

components. The following symmetry could be derived accordingly (v% > = <vJ2,> = <v§>

and
<v2> - 3<v§> =3 nv2)/n Equation 61
Then from P=m>n,v 22 , the basic equation for the pressure is obtained as
1 2 .
P= Enm<v > Equation 62

Since

mn=p Equation 63
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which indicates that, at constant temperature, their pressure is altered in correspondence
with the density, or inversely with the volume. This is known as Boyle'’s law.

It is known that if two different gases, originally at the same temperature, are
mixed, no change in temperature will occur. This result is proved to be true independent
of the control of volumes. As a result, the average kinetic energy of molecules must be
the same for all gases at any given temperature, and similarly, the rate of increase with
temperature must be identical for all gases. The temperature could be defined in terms of

the average kinetic energy per molecule, which is shown as the following relation
2 _ 2 _ 2 1 2\ 1 .
(manvx /2n) —(mZnyvy /2n) —(manvz /2n) —-6—m v —EkT Equation 64

For each of the three degrees of freedom of translational motion, where T is the absolute
temperature, and k is a universal constant, or the Boltzmann’s constant. The total mean

translational energy is then
1 2 2 3 .
Em(v > =—my, = EkT Equation 65

where v, is identified as the root-mean —square velocity. The total kinetic energy of

molecules in a volume V will be
1 2 3 .
> mn<v >V = —2—PV Equation 66

Following Boyles’s law, it could be expressed in the form
P =nkT Equation 67
which is known as the Charles’ law.
In order to evaluate the behavior of gas in phase reactions, gaseous beams, heat

flows, and the surface bombardment, it is imperative to develop a model of gas
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molecules. The kinetic theory of gases views gaseous molecules as hard spheres. The
probability distribution of velocities is based on the application of the Maxwell speed
distribution. For a simple monotonic gas, the probability of a molecule possessing a

certain speed is given by
P(v) = 4;1{——'"—]3/ 2 vze'""’2 /2kT Equation 68
27T

where m is the mass of the molecule, & is Boltzmann’s constant, v is the magnitude of the
velocity, and T is the temperature in Kelvin. The speed, or the average magnitude of the

velocity, is given by

M =C= j: vP(v)dv = /ﬂ Equation 69
m

The standard component of the velocity in any direction is given by
Vy =V, =V, =, —— Equation 70

and the root mean square velocity is given by

Vims = J% Equation 71

Since the direction of the thermal velocity is random, if there are no applied forces
on the outside, the average velocity is zero. If a small pressure gradient is forced upon
the gas, a net macroscopic flow will emerge, from high to low pressure. On the
microscopic level, this excited flow velocity vector is imparted upon the much larger
thermal velocity. Although individual atoms may be moving against the pressure
gradient at any second, normally the flow will travel from high to low pressure.

Gas phase collision is one of the crucial mechanisms specified for gases changing

velocity at atmospheric pressure. It is hypothesized that a molecule of diameter d is
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moving arbitrarily in the gas. If another molecule of the same type is within a distance d

of the estimated path of the first atom, a collision takes place. Then, the molecule has a

collision cross section of 72 , which, by the simple hard sphere approximation, is four
times the definite cross section of a single molecule. The probability that a collision will

be initiated over a distance L is given by
P=Lmi’n Equation 72
where n is the number of gas molecules per unit volume. Setting P =1, the average

distance between collisions can be estimated as

1

A= 5 Equation 73
m“n
These collisions are usually called the mean free path 4.
A more accurate rigor statistical treatment gives [43]:
A= ! Equation 74
2md?n

Since n is not uniformly defined, it must be calculated from a macroscopic equation of

state. Thus, the optimal gas law is frequently used
n=—=— Equation 75

where P is the pressure of the chamber. Combining equations,

kT

A=—0rt
V2md?p

Equation 76
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1.6 Gas Flow and Conductance

The equations are used to calculate pumping speeds and gas flows. In measuring
the flow of a simple liquid, such as water, a common unit might be the volumetric flow
rate, or gallons per hour. Although volumetric flow rate is usually used in recounting gas
flows, especially in delineating pumping speeds, due to the fact that gases are much more
compressible than liquids, the use of the gas flow in this approach incurs problems. In
order to avoid this problem, the throughput is used to express the amount of gas flowing
through a system. The mass of a gas in some volume V is

G=pV Equation 77
where p is the mass density (mx n). Then the mass flow rate is

_dG

=— Equation 78
dt

dm

The throughput of a gas O, which has units of pressure-volume/time, is given by

O=q, L Equation 79
P

Generally, gas flows are measured in terms of a standard volume, which refers to
the condition that the volume of an equivalent amount of gas would occupy at 0°C and 1
atm of pressure. While one mole of gas occupies 22.4 L at standard conditions, one

standard liter is 1/22.4 moles. Pumps are usually defined in terms of pumping speed, S,
dv
Sp = £ =—2 Equation 80
P, at

where P, is the inlet pump pressure. For instance, a pump rated for 1000 1/ min (slm),

will pump 1000 slm at 1 atm inlet pressure. If the inlet pressure is 0.1 atm and the
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pumping speed at this pressure stays at 1000 1/min, it can be concluded the maximum gas
flow that this same pump could allow is 100 slm. Furthermore, the pumping speed
normally is not a constant. Instead, it is closely related to the gas being pumped and the

inlet pressure.
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Chapter 2 Growth of II1I-V Semiconductor Nanowires (GaAs)

Studies of one-dimensional (1D) nanoscale materials have attracted substantial
research interest during the past decade concerning their specific physical properties and
potential applications. III-V group semiconductors are of particular interest for their
electronic and optoelectronic properties. Generally, efforts have focused on the synthesis
and the characterization of III-V semiconductor colloids and nanocrystals [44], while
fabrication techniques have encompassed the evaporation, the laser-assisted catalytic
growth (VLS, at above 680° C) [45,46], and the oxide-assisted fabrication (~750° C)

[47].

2.1 Introduction

A series of experiments were designed to investigate the growth of gallium
arsenide nanowires. In the course of the experiment, however, it was found that the
nanowires formed were deficient in arsenic. Furthermore, oxygen was readily
incorporated into the nanowires. A set of experiments was then investigated for the
growth of gallium oxide nanowires from the GaAs source material. It is well known that
the deposition of gold onto III-V substrates can catalyze a series of chemical reaction at
higher temperatures. Since the Pauling electronegativity of Au is higher than that of the
elements of Group V, Au can act as an oxidizing agent to displace the less
electronegative elements of Group V by combining the highly electropositive Group III
metals. In these experiments, GaAs pieces were first rinsed with acetone and methanol.
Then gold was deposited either on the substrate at room temperature via sputter

deposition, followed by an annealing step, or onto the substrate at a high temperature of
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deposition via laser ablation. Various temperatures were investigated with results shown

as follows.

2.2 Experiments
Experiment #1:

A gold layer was sputter deposited at room temperature to a thickness of 20 nm,
and the sample was subsequently annealed to 970° C. The GaAs target was placed
approximately 4 cm from the substrate and ablated by pulsed laser deposition (PLD) for 1
minute and 30 seconds. The pulse was 10 Hz at 500 mJ.

The experiment was conducted within a quartz tube (outer diameter, 90 mm;
length, 80 cm) heated by a horizontal tube furnace. The sample was positioned at the
center of the quartz boat, which was placed at the center of a quartz tube which was
evacuated to about 30 mTorr. A background gas of argon was introduced into the
chamber at a flow rate of 200 standard cubic centimeters per minute (sccm), which was
maintained throughout the whole reaction period.

All the samples were examined and photographed using the JEOL Scanning
Electron Microscope (SEM) and EDS (Energy Dispersive X-Ray Spectroscopy) was

concurrently carried out to determine the elements present in the sample.
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Figure 19. Nanowires grown from a piece of GaAs. The scale bar is 500 nm.

In the SEM image of Figure 19, the upper left white area is the GaAs chunk. This
GaAs sample was placed in front of a separate gallium arsenide target which was ablated
by a KrF excimer laser for 1 minute and 30 seconds, at 10 Hz and 500 mJ. The
nanowires shown in the SEM image have diameters ranging from 30-90 nm and their
lengths are a few microns. Most of the nanowires appear to be straight forming to a sharp
tip. A characteristic of the vapor-liquid-solid growth mechanism is the formation of an
alloy ball at the tip of the nanowires. The absence of this characteristic ball suggests that
either a different growth mechanism is taking place such as the oxide assisted growth, or

the gold ball is being incorporated into the nanowire during system cool down.
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Figure 20. The nanowires grew from the GaAs chunk. The scale bar is Spm.
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Figure 21. These nanowires were a few microns in length. The scale bar is 2 pm.

Figure 21 is the SEM image of gallium oxide nanowires grew from the gallium
arsenide chunk. These nanowires were a few microns in length and were primarily found
on the edge of the sample. The upper and right white areas are the gallium arsenide

chunk. These nanowires were 2-3 microns in length.
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Figure 22. The nanowires grew from the edge. The scale bar is 2pm.

In Figure 22, the SEM image shows gallium oxide nanowires grew from the GaAs chunk.
These nanowires were a few microns in length and their growth mainly took place along
the edges. The SEM image also shows the presence of some triangular shape structures

scattered throughout the image.
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Figure 23. Histogram showing the diameter of nanowires. Total sample size: 42.
Average Diameter: 65 nm
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Figure 24. Histogram showing the height distribution of nanowires. Total sample size :

42. Average length of the nanowire is 2.7 um.
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Figure 25. The EDS analysis of nanowire
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Figure 25 shows the EDS analysis taken on the nanowires shown in Figure 21. The
EDS analysis shows the comp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>