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Abstract

Gallium nitride nanowires are high-performance materials with wide, direct
bandgaps and superior electron transport properties. Although their properties make
them of great interest for next-generation light-emitting diodes, detectors, and display
technologies, their widespread use has been limited by serial and expensive production
processes, such as molecular beam epitaxy and metalorganic chemical vapor deposition,
respectively. Here, the results of growing gallium nitride nanowires via DC magnetron

sputtering at different temperatures and using different metal catalysts are reported.

A new substrate heater was designed to minimize contamination from the
heater filament and increase the substrate temperature window to in excess of 900°C.
Sixteen-mm? (111) silicon samples had one-to-four nm of a metal catalyst deposited on
them using evaporation. This metal catalyst layer (gold, platinum, or nickel) was
employed to induce catalyst-assisted vapor-liquid-solid nanowire growth. Samples were
subjected to a hydrofluoric acid dip to remove surface oxide and then loaded into the
deposition chamber where gallium nitride was deposited via a reactive nitrogen DC
magnetron sputtering system that used a gallium target. Surface morphology and
composition were analyzed using both scanning and transmission electron microscopy.
Energy-dispersive x-ray spectroscopy and electron energy loss spectroscopy were used
to measure the presence of gallium and nitrogen in the resulting nanowires,

respectively.
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The newly engineered furnace significantly reduced tungsten contamination to
below the detectable levels of energy-dispersive x-ray spectroscopy. Gallium nitride
nanowires were present on gold-catalyzed samples only in the gold-covered region of
the silicon substrate exposed to a gallium flux; these nanowires had diameters between
20 and 30 nm and were hundreds of nanometres in length. Nanowire morphology
improved as temperature was elevated, but it did so at the cost of lower areal density.
Conversely, platinum-coated samples yielded fewer nanowires than their gold-coated
counterparts. (111) silicon samples that had nickel deposited on them displayed the
best gallium nitride nanowire growths. They had the best surface morphologies, had
negligible oxygen concentrations, and were the most densely populated. Moreover,
gallium nitride nanowires grown using nickel were consistently single crystalline and

their lengths ranged from hundreds of nanometres to well over a micron.
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1. Background

1.1 Introduction

In this chapter, an overview of gallium nitride and its applications will be
provided in sections 1.2 and 1.3. A brief examination of the major gallium nitride thin
film production technologies will be covered in section 1.4. More specifically, hydride
vapor phase epitaxy, metal organic vapor phase epitaxy, and molecular beam epitaxy
will be introduced in order to provide a context to the competition facing the
manufacturing method discussed within this thesis. Section 1.5 will introduce the vapor-
liquid-solid approach, a common mechanism used to grow semiconductor nanowires.

Finally, the chapter will close with the motivations behind this thesis in section 1.6.

1.2 Gallium Nitride Material Overview

The group llI-nitride material system consists of gallium nitride (GaN), indium
nitride (InN), and aluminum nitride (AIN)[1]. These direct bandgap materials that span
the visible spectrum have demonstrated desirable commercialization properties: the

ability to take on both p- and n-type doping profiles, and long device lifetimes|[2].

Gallium nitride is a wide bandgap semiconductor material that is increasingly
gaining the interest of scientists and engineers. While GaN typically takes a wurtzite
crystal structure under ambient conditions, but it can also take a zincblende structure[2-

5]. At room temperature, the bandgap of GaN has been shown to be 3.43 eV and 3.3 eV
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for its wurtzite and zincblende forms, respectively[6]. GaN devices thus produce 361 nm
and 376 nm radiation, corresponding to the blue visible region of the electromagnetic
spectrum. Important physical properties of GaN are reviewed in more detail

elsewhere[1, 6].

The growth methods that create nitride semiconductors, such as gallium nitride,
induce a native n-type conductivity background in these materials[7]. However, the
doping of gallium nitride films is typically modulated through the addition of silicon and
magnesium atoms[8, 9]. The former causes the semiconductor to become more n-type,
while the latter element increases the p-type nature of the film. Silicon impurities create
shallow donor states between 22 meV and 42 meV below the conduction band edge
when substituting gallium atoms and thus behave as essentially ideal dopants at room
temperature[10, 11]. In contrast, p-type doping is much more difficult to achieve with
acceptor states being created by magnesium atoms between 130 and 170 meV above
the valence band edge[8]. In fact, the inability to introduce p-dopants into GaN was one
of the reasons for the slow pace of nitride research in the past. More exotic dopants,

such as rare-earth elements, have also been used in nitrides for special purposes[12].

Currently, the manufacturing of gallium nitride films and nanostructures is
dominated by MOVPE and MBE methods. GaN nanowires are high-performance, large
direct bandgap materials that are traditionally grown using these expensive fabrication
technologies. The development of a low-cost, large-area alternative fabrication
procedure for GaN nanowires using sputtering is investigated within this thesis. While

there has been work done on developing a sputtering-based production method for
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gallium nitride nanowires within the literature, these works focus on gallium oxide
targets for the group-Ill source and ammonia as nitrogen sources[13, 14]. The proposed
procedure within this thesis uses a reactive DC magnetron sputtering system in a
nitrogen environment, elemental gallium targets for the group-lll source, and (111)

silicon substrates.

1.3 Applications of Gallium Nitride

Although single crystal gallium nitride was first successfully grown in 1970, there
was little advancement in terms of devices until over two decades later[15]. Unlike most
other semiconductors, such as silicon and 1ll-V materials, heteroepitaxy techniques have
historically been more advanced than their bulk crystal growth counterparts.
Consequently, one of the major obstacles to growing high-performance IlI-nitride
devices has been the absence of a native substrate to grow on that is both lattice and
thermally matched to these materials[16]. The resulting cracking of these
heteroepitaxial lll-nitride films led to the high defect densities and the debasement of
electrical and optical performance[16]. In the case of wurtzite gallium nitride, its a and ¢
lattice constants, 3.189 angstroms and 5.182 angstroms, have thermal expansion
coefficients of 5.59 x 10° K™ and 7.75 x 10° K%, respectively[16]; these values differ for
the typical substrates for nitride growth: silicon carbide and sapphire. For example,
sapphire has a and c lattice constants of 4.758 angstroms and 12.991 angstroms with
corresponding thermal expansion coefficients of 7.5 x 10° K* and 8.5 x 10° K*,

respectively[16].
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Gallium nitride is a commonly used wide bandgap material for both high-
frequency and high-power applications. Examples of these high-power applications
include Schottky diodes and power heterostructure field-effect transistors (HFETs)[17-
19]. A typical high-frequency application of GaN is its use in conjunction with the ternary
alloy aluminum gallium nitride to create high electron mobility transistors (HEMTs)[20,
21]. Other common applications of GaN devices are as light-emitting diodes in the
blue/green portion of the electromagnetic spectrum, solid-state lighting when

combined with a phosphor coating, photovoltaic cells, laser diodes, and sensing[22-28].

1.4 Thin Film Growth of Gallium Nitride

There are numerous methods of growing nitride thin films and this section will
briefly describe the most prevalent methods for growing single crystalline gallium
nitride and other lll-nitride films: hydride vapor phase epitaxy (HVPE), metal organic

vapor phase epitaxy (MOVPE), and molecular beam epitaxy (MBE).

The growth conditions have important effects on the resulting semiconductor
crystal quality. High-quality lll-nitride crystals require growth temperatures that are
routinely in excess of 1000°C due to the dissociation of the nitrogen precursor[29-32].
These elevated temperatures introduce negative consequences, such as increasing
nitrogen vapor pressure. In order to facilitate nitride film growth, one compensates the
high temperature by using very high V-Ill ratios and flow rates[33, 34]. These factors in
turn have implications on vapor phase transport and flow patterns within the reactor

during growth, both of which can affect film stoichiometry and uniformity[35].
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The nitrogen sources themselves also play other roles in film growth. The most
common nitrogen sources in llI-nitride growth are ammonia (NH;) and diatomic nitrogen
gas (N,)[34]. These gases are quite thermally stable, as evidenced by their
correspondingly high bond energies. Moreover, both of these bond energies are higher
than those of arsine and phosphine, the common gaseous sources of arsenic and
phosphorus in IllI-V semiconductor deposition, respectively. Ammonia is easier to crack
into reactive atomic nitrogen molecules than diatomic nitrogen is and this leads to the
creation of either nitrogen-rich and gallium-rich growth conditions during deposition
depending on the source gas and method used[36, 37]. In nitrogen-rich situations, such
as growths using ammonia, the flux of the group Ill component (i.e. gallium in this case)
determines the growth rate of the semiconductor film[36]. The converse is true in

gallium-rich environments.

Hydride vapor phase epitaxy (HVPE) is the preferred method to grow bulk
gallium nitride crystals[30, 38]. This method grew in popularity following the successful
demonstration of p-type doping in 1989[39]. During HVPE, molten gallium is exposed to
hydrogen chloride gas to form volatile chloride compounds (i.e. gallium chloride) that
subsequently interact with ammonia to deposit gallium nitride on a substrate that
usually has a pre-deposited nucleation layer of GaN, AIN, or zinc oxide[38, 40]. Typical

growth temperatures for this technique are in the vicinity of 1000°C[29, 30, 41].

The main advantage of HVPE is the ability to deposit single crystal GaN at high
rates, often in the 100s of microns per hour[29, 42]. Following deposition, if necessary,

there are a host of processes to remove the epilayer from a foreign substrate. These
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aspects have spurred great interest in the scientific community about developing large-
area deposition systems for gallium nitride and other lll-nitrides. Market reports
indicate that industry is also moving towards larger wafer sizes. According to Lux
Research, four-inch epitaxially grown wafers will peak at sales of $2.1 billion in 2017 and
industry will transition to six-inch wafers, which are expected to fetch $1.4 billion in

sales in 2020[43].

Like any technology still under development, there are shortcomings to hydride
vapor phase epitaxy. Of particular relevance to gallium nitride nanostructure growth, is
that the high deposition rates come at the cost of the ability to create abrupt junctions,
thereby precluding the semiconductor device designers from creating certain devices
and intricate heterostructures. A more detailed review of HVPE for nitride

semiconductors can be found elsewhere[40, 44].

Another common technique for growing group-Illl nitride thin films is metal
organic vapor phase epitaxy. MOVPE has been the dominant industry technology for
manufacturing group llI-nitride devices and films since the 1990s. This process employs
gaseous alkyl metal precursors for group-lll elements, such as trimethylgallium in the
case of gallium, and ammonia as its nitrogen source[45, 46]. During a typical epitaxial
growth run, the source gases are fed into the reactor in a segregated manner to avoid
parasitic reactions. Gallium nitride is deposited through the group-lll alkyl species
undergoing thermal decomposition on top of the heated substrate and the cracking of
ammonia at high temperatures. Interestingly, only a few percent of the ammonia gas

undergoes pyrolysis at 1000°C[47]. Considerable V/III ratios, typically in excess of 1000,



M.ASc. Thesis - N. Jewell McMaster University - Engineering Physics

are a prerequisite of high-quality nitride MOVPE due to this low conversion rate[48-50].
The large oversupply of ammonia necessary for growth is a leading source of impurity
incorporation in nitride film; it allow requires ventilation systems capable of handling

the high throughput.

That being said, MOVPE has a number of advantages, including the ability to
readily produce both p-type and n-type gallium nitride, and abrupt semiconductor
structures, such as quantum wells and dots[32, 51, 52]. The latter makes it a preferred
growth technique for gallium nitride-based devices, such as LEDs and transistors[31, 53,
54]. The ability to effortlessly scale to multiple wafer depositions greatly facilitates the

industrial use of MOVPE.

The last major semiconductor production technology to be discussed is
molecular beam epitaxy (MBE). In the case of gallium nitride films, there are two
variations of the MBE technique: ammonia-MBE and plasma-assisted MBE[55]. Both
setups operate under ultrahigh vacuum (UHV), deposit at rates of 1 micron per hour or
slower, and typically use solid source effusion cells for group-Ill components, such as

gallium, indium, and aluminum; but they differ with respect to their group V source[55].

Ammonia MBE systems use ammonia as its nitrogen source as one would
imagine. They operate in N-rich regimes and temperature ranges around 860°C —
920°C[56]. Special trapping and pumping components are integrated into these systems
to maintain UHV conditions amidst ammonia injection. Conversely, MBE systems that
use nitrogen as its group-V source require a RF plasma to crack the nitrogen gas into

much more reactive atomic nitrogen particles since nitrogen possesses a very high
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thermal stability[57]. In fact, plasma-assisted setups are the much more common type
of lll-nitride MBE system today and allow one to explore both Ga-rich and N-rich
environments[36]. Plasma-assisted MBE growth of gallium nitride typically occurs at
lower temperatures than ammonia-based MBE, typically in the neighbourhood of 550°C
to 850°C[37, 57-59]. MBE is particularly well-suited to nitride semiconductor crystal
growth and surface investigations since the UHV environment allows researchers to use
high precision electron beam in situ monitoring techniques, such as reflection high-
energy electron diffraction (RHEED). Other advantages of MBE-based nitride growth
include the ability to create abrupt junction doping profiles and grow at lower

temperatures than nitride HVPE and MOVPE techniques[36].

1.5 Vapor-Liquid Solid Growth of Nanowires

The vapor-liquid-solid (or VLS) mechanism was first proposed by Wagner and
Ellis at Bell Telephone Laboratories in 1964 as an explanation for the epitaxial growth of
their silicon microwhiskers. They observed that these structures required an impurity
particle at their tips, such as gold, to grow and would do so until the impurity was
consumed[60]. Wagner and Ellis also contended that the selection of a catalyst for VLS
growth was not arbitrary, and that one must consider a multitude of factors, such as
whether or not the droplet alloy would become molten at the deposition temperature
and interfacial energies of the substrate, vapor reactants, and impurity droplet[60].
Considerable research on the VLS mechanism has been performed since the pioneering

work by Wagner and Ellis to extend our understanding of it in group 1V, llI-V, and II-VI
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semiconductor material systems[61-64]. Over time, the VLS method’s ability to
preferentially direct anisotropic crystal growth has attracted the interest of
semiconductor engineers looking to create novel, high-aspect ratio materials and

devices.

Understanding the VLS method requires the consideration of how a sample is
prepared. Conventionally, a thin layer of metal is deposited on a clean semiconductor
substrate. The sample is subsequently annealed in the growth chamber under vacuum
causing the metal layer to alloy with the substrate and form liquid droplets on the
substrate surface. During growth, these particles function as collection centres (also

called sinks) for impinging vapor-phase growth species[65].

In the case of VLS grown gallium nitride nanowires, nickel is a frequently used
seed particle (but by no means the exclusive catalyst), as are gallium and ammonia as
source materials[66]. While under a flux of growth species, the concentration of the
group-lll and group-V constituents increases within the droplet until a critical level of
supersaturation is reached. At this point, there is a high probability that a stable nucleus
will form at the vapor-liquid-solid interface, and once formed, growth material will be
quickly precipitated from the droplet to complete a single lll-V bilayer beneath the
entire droplet[67, 68]. As a result, the nanowire crystal assumes the diameter of the
droplet and grows in a layer-by-layer fashion for the length of time that the growth
species are supplied. The crystallographic growth direction of the one-dimensional
nanowire structure corresponds to the direction of the lowest nucleation barrier[69].

For example, zincblende semiconductor nanowires, such as gallium arsenide and silicon,
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tend to nucleate along the <111> direction[70]. The VLS process is illustrated in Figure

1.1.
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Figure 1.1: The Vapor-Liquid-Solid Process.

There are some additional remarks worth mentioning about the catalyst
droplets used during the VLS growth of semiconductor nanowires. While there is an
abundance of research utilizing metallic catalysts as seed particles to grow
semiconductor nanowires, the process is not restricted to them. In fact, there is
increasing interest in growing semiconductor nanowires using the group-Illl component
as a self-catalyst; for example, gallium would be pre-deposited as a self-catalyst for

gallium arsenide nanowires[71]. The primary motivation for this is to integrate high-

10
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performance IlI-V nanostructures onto conventional VLSI silicon technology without the
debasement of electronic and optical properties of the device by a catalyst, such as

gold[71].

Nanowires expand the design possibilities for semiconductor device engineers.
Nanowires enable engineers to construct devices in both the axial (along the VLS growth
direction) and radial (perpendicular to VLS growth) directions by varying growth
conditions. Axial growth of nanowire homojunctions or heterojunctions is essentially the
straightforward application of the VLS method with the additional requirement of
introducing different source constituents to be incorporated during growth in a
controlled manner[70, 71]. Radial growth of nanowires (also known as shell growth)
arises when growth conditions are changed to favour the conformal deposition of vapor
phase reactants onto the solid nanowire surface[72, 73]. This growth process is called
vapor-solid (VS) growth. Considerable flexibility over the desired shell composition is
allowed through varying source reactants, dopants, growth temperature, and V/IlI
ratio[72-74]. Moreover, the thickness of the shell can be scaled with deposition time.
The combination of these two growth modes enables the epitaxial growth of three-

dimensional semiconductor devices.

1.6 Overview of Thesis

Herein, this thesis consists of four chapters and an appendix. All experimental
methods are detailed in chapter two. Chapter three examines the production and

testing of three high-temperature furnace designs. Chapter four elaborates on the

11
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different gallium nitride nanowire experiments conducted over the course of this thesis.
Chapter five provides concluding remarks and suggestions for future work on this
project. Finally, the appendix section contains engineering drawings and assembly

instructions for the different furnace designs.

12
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2. Experimental Methods

2.1 Introduction

In this chapter, an overview of the experimental methods used during the
course of this thesis will be described. Section 2.2 provides an overview of reactive DC
magnetron sputtering and how it was used to create samples. Section 2.3 details how
substrate samples were prepared before and after deposition. The procedure and
parameters for a typical sample growth are then elaborated on in section 2.4. Finally,
sections 2.5 and 2.6 describe the scanning electron microscopy and transmission
electron microscopy techniques that were used to examine the resulting samples,

respectively.

2.2 Reactive DC Magnetron Sputtering

2.2.1 Sputtering Overview

Sputtering is a physical vapor deposition method that allows one to deposit
almost any material conformally over large areas. The underlying principles of
sputtering are most easily understood through examining its simplest configuration. DC
(or diode) sputtering utilizes a parallel plate setup under vacuum, in which the target
source and the substrate to be deposited on are positioned on the cathode and anode

plates, respectively. The target is placed under a negative bias, usually ranging from

13
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hundreds of volts (V) to several kilovolts (kV), while the anode’s potential is either
grounded or varied. DC sputtering systems are typically operated at pressures of a few
hundred milliTorr (mTorr) and use argon (Ar) as the working gas. Deposition of thin films
through sputtering involves the condensation of material that was ejected (or
sputtered) from a target material on the cathode through the impingement of energetic
ions. During operation, a sputtering system relies on the creation of a quasi-neutral gas
containing ions, electrons, and neutral species called a plasma between the electrodes
to generate and sustain these ion-induced ejections of material. The process begins
spontaneously under vacuum when a cosmic ray or ultraviolet light causes the initial
ionization event and the ensuing collision cascade between working gas atoms/ions (i.e.
Ar and Ar’), target atoms, and secondary electrons creates a self-sustaining plasma
under the appropriate deposition system conditions. lons collide with the target source
and sputter a vapor of target atoms that deposits on the substrate residing on the
anode. Not all incident ions result in sputtered atoms. The ratio of sputtered atoms from

the target to incident ions is referred to as the sputtering yield.

While DC sputtering is the easiest method to understand, it is not widely used in
industry due to its relatively slow deposition rates and high working pressures. The
dominant method used in the production of thin films and coatings is magnetron
sputtering. These systems have many advantages over DC and RF sputtering
configurations, including fast deposition rates, denser coatings, reduced working
pressures (on the order of a few mTorr), and lower required voltages for operation.

Although there are numerous designs for magnetrons, all implementations have

14
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magnets configured in geometries such that the resulting magnetic field is orthogonal to
the electric field that is used to accelerate ions into the target. The orientations of these
fields give rise to a Lorentz force that confines electrons to a cycloidal hopping motion
close to the cathode’s surface. This confinement of electrons increases the viability of
the plasma at lower pressures by increasing the probability of an ionizing electron-atom
collision occuring and allows sputtered atoms to travel in more of a ballistic-like manner
to the substrate. A typical annular design of a DC magnetron is shown in Figure 2.1. This

type of magnetron corresponds to the type used during experiments for this thesis.

Plasma
Magnetic Field Lines
Target Source

Annular Magetron
Magnets

Figure 2.1: Typical Design of Annular DC Magnetron.
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Reactive sputtering systems introduce a reactive gas, such as oxygen or
nitrogen, into the chamber in addition to the working gas. The purpose of introducing
these additional gases is for them to react with the sputtered materials in the formation
of the film deposited on the substrate. This is a common approach to growing oxide and

nitride thin films.
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Figure 2.2: Schematic of Sputtering System.

2.2.2 Reactive DC Magnetron Sputtering Deposition System
The deposition system used during the experiments for this thesis was a customized

setup for group Il - nitride semiconductor films, in particular gallium nitride. The main

16
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stainless steel cylindrical chamber was approximately 71 cm in diameter and 26 cm tall.
This structure contained inlets for gases (i.e. argon and nitrogen), ports for measuring
equipment, and a connection to a SRS 2000 residual gas analyzer. The chamber’s
vacuum system primarily consisted of a diffusion pump situated below a cold water
trap. A single mechanical rotary pump was used to both pump down the main chamber
and back the diffusion pump. Pressure measurements above 10° Torr were performed
using thermocouple gauges situated in the chamber and roughing lines, and by a Pirani
gauge. A Bayard — Alpert ionization gauge was used to read pressures below 10 Torr.
Temperature was monitored using a Type-K thermocouple and read out using an Omega
4002-KC Reader. Flow of nitrogen and argon gases into the chamber was regulated
through the use of Matheson rotameters. The group-Ill source was an elemental gallium
target produced by melting 99.999% pure gallium ingots from Alfa Aesar. Finally, an
Onyx-2 magnetron cathode from Angstrom Sciences and an Advanced Energy MDX 500
DC power supply were used to create a plasma during the sputtering process. The
substrate was heated using Joule heating. The exact geometry and materials used
during heating is described in further depth in Chapter 3. Figure 2.2 depicts a simplified

schematic of this system and its components.

During a typical growth, the main chamber was initially pumped down from
atmospheric pressure to about 5 x 107 Torr using the rotary pump then the diffusion
pump was used to evacuate the chamber further. The chamber was then allowed to
pump down for a minimum of five hours. The vacuum system at its best could not

evacuate below 1.0 x 10® Torr. Gases were introduced towards the end of the sample
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heating process. The graphs in Figure 2.3 show the calibration curves for nitrogen and

argon from the manufacturers of the rotameters.
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Figure 2.3: Gas Calibration Charts. This figure shows the Matheson rotameter calibration
curves for argon and nitrogen.

2.3 Sample Preparation

2.3.1 Initial Sample Preparation

Substrate samples began as standard three-inch (111) silicon wafers. After the
wafer was removed from its packaging, a thin layer of Shipley S1808 photoresist was
applied to it in order to minimize possible damage and contamination during

subsequent processing. Following a typical baking procedure, a silicon wafer was
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mechanically cut using a Microace 3 dicing saw into smaller square samples. These
square samples were oriented so that their sides were either perpendicular or parallel
to the major flat marker on the wafer. Initially, samples were cut into 7 mm x 7mm
squares to fit into the original sample holder, but they were enlarged to 16 mm x 16 mm

squares in subsequent furnace designs.

Following the dicing procedure, the photoresist layer was removed within the
Centre for Emerging Device Technologies’ class 10000 cleanroom. Each square was
subjected to three 10 minute rinses under sonication: one in semiconductor grade
acetone, one in semiconductor grade methanol, and one in deionized water. The
substrate samples were also rinsed in deionized water between the acetone and
methanol rinses and dried using a pressurized nitrogen gun. A sacrificial oxide layer was
then grown on substrate samples through a 20-minute ultraviolet (UV) ozone treatment.
This oxide layer was then removed using a one minute buffered hydrogen fluoride (BHF)
dip before metallization. The sample was rinsed in deionized water for one minute,
dried under nitrogen, and then immediately loaded in the metal evaporation system
within the cleanroom. Minimizing exposure to oxygen prior to metal deposition was a
priority, as the formation of a thermal silicon oxide layer would catastrophically affect

VLS growth.
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Figure 2.4: Sample Preparation and Resulting Experimental Regions.

2.3.2 Deposition of Catalysts

All metal catalysts were deposited on substrate samples using electron beam
evaporation under high vacuum. Substrate samples rotated slowly in the chamber while
one to four nanometers (nm) of gold (Au), platinum (Pt), or nickel (Ni) were deposited
on their surfaces. Metal atoms were deposited across an entire sample, except in areas

masked by the clip holding a sample in place.

This procedure was modified once the new furnace designs were installed
within the sputtering system in order to increase experimental throughput. Half of the

16 mm x 16 mm (111) Si samples were covered by a molybdenum shadow mask during
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deposition in order to create distinct regions with and without metal catalysts. This
partition in combination with the circular aperture on which the sample sat during
deposition in the sputtering chamber gave rise to four experimental regions that could
be studied during a single growth: 1) metal catalyst exposed to the gallium flux, 2) metal
catalyst shadowed from the gallium flux, 3) no metal catalyst exposed to the gallium
flux, and 4) no metal catalyst and shadowed from the gallium flux. Figure 2.4 illustrates

these demarcated areas.

Once the metal catalyst layer was deposited, the sample was quickly transferred
and loaded into the furnace within the sputtering system and the chamber was
subsequently evacuated. Samples that were not immediately loaded into the chamber
were subjected to one-minute HF dip to remove any surface oxide and rinsed in

deionized water at a later date before being loaded into the sputtering system.

2.3.3 Sample Preparation for Microscopy

Samples were not modified or disturbed prior to examination using scanning
electron microscopy. They were securely mounted on an available electron beam
lithography stub using clips and then imaged. If samples proved to possess GaN
nanowires, these nanowires were removed by mechanically scrapping a standard holey
(copper mesh) transmission electron microscopy (TEM) grid over the appropriate region.
This method was found to be the most effective in isolating GaN nanowires for TEM

analysis.
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2.4 Sample Growth

241 Growth Parameters

Over the course of this thesis, a large number of growth conditions were
investigated across 46 experiments to determine if they led to the production of gallium
nitride nanowires via sputtering. This parameter space included: growth temperature
(or its surrogate of furnace input power), the presence of a metal catalyst, the type of
metal catalyst, the amount of catalyst deposited, magnetron cathode power, and
deposition time. Table 2.1 summarizes a breakdown of these growth conditions. A more

detailed discussion is be pursued in later chapters on the experimental results.

Substrate (122) Si
Growth Temperature 700C - 900C
Presence of Catalyst Yes or No
Catalyst Type Au, Pt, or Ni
Catalyst Thickness 1nm,2nm,or4nm

Magnetron Cathode
Power 65 W to 100 W

Deposition Time Varies

Table 2.1: Experimental Growth Conditions Summary.

The choice of catalyst for these experiments was based on literature concerning
the growth of gallium nitride nanowires by MOCVD and MBE[75-77]. Initially, Au was
used due to its popularity; however, poor results led to experimentation with Pt and Ni
as well. The initial growth conditions used were adapted from previous gallium nitride

thin film work of Harris Shen, a doctoral candidate within Dr. Kitai’s research group.
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Changes in furnace design also played a role in the growth of GaN nanowires; the
control of nitrogen and argon flow played a more minor role due to the resolution of the

rotameters used.

2.4.2 Growth Procedure

This section describes the growth procedure for a typical deposition run. Some
of the settings may differ between experiments as they were intentionally modified to
investigate a specific condition setting. The growth procedure, in particular the ramping
of temperature within the furnace, was changed between initial experiments with the
original furnace and those conducted with the newly engineered models in order to

prevent damage to the equipment.

There were numerous revisions to the furnace during the course of this thesis.
The growth procedure is best explained for the newer furnaces first since the method
used for the original furnace is a simplification of it. Moreover, the deposition method
remained consistent amongst all subsequent furnace models. Following the evacuation
of the sputtering chamber to a pressure in the low 10 Torr range, the variable
autotransformer was engaged and slowly ramped to the desired setting (as a
percentage of input voltage from the wall). This ramping corresponded to increasing the
temperature of the sputtering furnace. For every 10% increase in voltage, the furnace
was allowed to sit for 10 minutes at this temperature and approach thermal
equilibrium. As this process progressed, the temperature of the furnace would reach
between 750°C and 800°C; argon gas was then let into the chamber until its rotameter

read “80”. At this time, the magnetron cathode was turned on in order to pre-sputter
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the surface of the gallium target before growth. This pre-sputtering process was
performed for 15 minutes at a cathode power setting of 70 W. Once this pre-sputtering
process was completed, nitrogen gas (at a rotameter setting of 110-130) was allowed to
enter the chamber from above the furnace. The temperature reading was then allowed
to stabilize to equilibrium, the working pressure of the chamber was adjusted to
between 10-to-20 mTorr (ideally 15 mTorr) on the Pirani gauge, and the magnetron
power was increased. Once these actions were completed, the sputtering shield was
then rotated to the open position and the substrate underwent deposition for a set
time. Upon completion of the growth, the DC magnetron power supply was immediately
turned off, and then the autotransformer was wound down quickly to the 0% setting.
The argon gas was turned off and the sample was allowed to cool in nitrogen until the
furnace temperature was below 100°C. In the case of the original furnace, there were
no breaks when ramping the voltage with the autotransformer: the dial was
immediately wound to 100% and then the temperature of the furnace was allowed to

equilibrate.

2.5 Scanning Electron Microscopy

2.5.1 Scanning Electron Microscopy Imaging
Scanning electron microscopy (SEM) was performed in order to examine the
resulting surface morphologies of the deposited films and ascertain whether or not a

growth condition modification gave rise to gallium nitride nanowires. All scanning
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electron microscopy was performed using the JEOL 7000F SEM within the Canadian

Centre for Electron Microscopy at McMaster University.

A typical SEM operates under vacuum and comprises of an electron source, an
anode plate, a number of electromagnetic lenses, and a detection system. Only a small
portion of the electrons generated by thermionic or field emission in the upper electron
column pass through a hole in the anode plate on its way to the electron lenses. Initially,
the condenser lens demagnifies the incident beam and sets both the minimum beam
size and available beam current, then the objective lens is used to focus the diameter of
the incident electron beam on the surface of the sample where an interaction volume is
created. The scanning coils within the column allow the incident electron beam to be
rastered across the sample while electrons and photons are collected by a detection

system and the image is reconstructed pixel-by-pixel for the operator.

SEM imaging is made possible through incident electrons undergoing both
elastic and inelastic collisions when they impinge on surface and bulk atoms during the
rastering process. These collisions occur within what is termed the interaction volume
and the depth that the beam penetrates is proportional to the accelerating voltage used
by the electron source. This probing of the substrate gives rise to many different signals
that can be detected: Auger electrons, secondary electrons, backscattered electrons,
and a variety of X-rays. The interaction volume and some of these signals are shown in
Figure 2.5. SEM was used during this thesis to investigate the surface topography of a
sample following sputtering. As such, secondary electrons were of interest since they

are produced near the surface and provide information on this aspect. An accelerating
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voltage of 3-8 kV and a small probe current setting were used while imaging, except in

very few circumstances.

Focused Electron Beam

Vacuum
Y/ Secondary Electrons
/
Sample Backscattered Electrons
X-rays
Figure 2.5: SEM Interaction Volume.
2.5.2 Energy-Dispersive X-ray Spectroscopy

Understanding the chemical composition of the resulting films and nanowires
was also a concern during this thesis. In particular, identifying the presence of gallium,
nitrogen, catalysts, and any contaminants was useful in determining the success of a

growth experiment and / or furnace design. Qualitative compositional analysis was
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performed by energy-dispersive x-ray spectroscopy (EDS or EDX) at accelerating voltages
of 10-15 kV while using the JEOL 7000F scanning electron microscope at the Canadian
Centre for Electron Microscopy. All results were interpreted using Oxford Instruments’
INCA software. EDS on the JEOL 7000F was used as a preliminary screening technique
for samples. More detailed x-ray analysis of suitable samples was performed on the
JEOL 2010 transmission electron microscope in the Canadian Centre for Electron

Microscopy (CCEM).

EDS is a localized chemical analysis technique. In the case of the JEOL 7000F,
incident electrons are used to induce x-ray excitation within a sample. As mentioned
previously, higher accelerating voltages of electrons generated by the source provide
electrons with a higher kinetic energy and this allows them to penetrate deeper into the
specimen and generate characteristic x-ray photons. Characteristic x-rays arise from the
discrete energy levels available for electrons within an atom. Electrons with large kinetic
energies collide with elements within a material and promote tightly bound, inner shell
electrons, leaving vacancies to be filled. Outer shell electrons of higher energy fill these
holes and release x-ray photons with energies corresponding to the transition between
these two shells. Moreover, these transition energies between shells are distinct for
different elements and are used to identify their presence within a sample. The emitted
x-rays are read out by a detector and converted into a voltage pulse that is proportional
to the energy of the detected photon. The elemental composition of an area of the

specimen can be probed as the electron beam rasters over the sample.
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2.6 Transmission Electron Microscopy

2.6.1 Transmission Electron Microscopy Imaging

Transmission electron microscopy (TEM) was performed to investigate the
surface geometry, elemental composition, and crystal structure of the gallium nitride
nanowires grown by DC reactive sputtering. All transmission electron microscopy was
performed using the JEOL 2010 transmission electron microscope within the Canadian

Centre for Electron Microscopy.

TEM is an excellent means to structurally image thin samples, such as thin films
and nanowires at high magnifications. The components of a TEM are similar to those in
a SEM; there is an electron gun (a field source in the case of the JEOL 2010),
electromagnetic lenses, apertures to control the spot size on the sample, and a
detection system capable of reading out different signals. However, the accelerating
voltages of the primary electrons are typically at much higher voltages in a TEM than
those used in SEM, usually in the 100s of kV. During imaging, electrons are projected
onto the sample where they undergo scattering. The different types and degrees of
scattering provide one with different signals to measure and create a TEM micrograph.
Firstly, incident electrons can undergo elastic and inelastic scattering within the sample.
Elastic electron scattering, which involves no kinetic energy loss, allows one to
investigate a specimen’s crystal structure through the creation of diffraction patterns,
whereas the latter type allows one to probe spatial variations in crystal composition and

perform different types of spectroscopy.
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Bright-field and dark-field imaging differ by how the electron beam is processed
once it passes through a thin sample. During bright-field imaging, the aperture is
positioned within the back focal plane so that only the central beam is allowed through.
Consequently, thinner areas that cause less scattering appear brighter in a bright-field
TEM image, while regions that are thicker or consist of heavy elements appear darker.
On the other hand, dark-field imaging involves using the aperture to block the central
electron beam while selecting for a scattered (diffracted) beam. Here, heavier elements
and thicker regions appear brighter since it is more probable for electrons to scatter
away from the direct beam at wide angles or undergo backscattering. When an annular
dark-field detector is employed to collect scattered electrons, in particular those
scattered incoherently at very high angles, one can resolve even subtle variations in the
Z-ratio quite well. When this technique is performed on a scanning transmission

electron microscope, it is called high-angle annular dark-field (HAADF) imaging.

2.6.2 Selective Area Diffraction
Selective Area Diffraction (SAD) was performed on individual nanowires isolated
on the copper grids to gain structural information (i.e. crystallographic growth direction

and crystal structure) about them.

2.6.3 Electron Energy Loss Spectroscopy
Electron energy loss spectroscopy (or EELS) was used to perform compositional
analysis on isolated nanostructures. This technique was chosen due to its sensitivity to

measure elements with lighter atomic ratios (Z), such as nitrogen. EELS examines the
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loss of kinetic energy that electrons experience while undergoing inelastic scattering as
they pass through a TEM sample. These electrons were bombarded onto the sample
with a well-defined energy range and the resulting energy losses measured by a
spectrometer correspond to well understood loss-mechanisms, such as plasmons and

inner shell ionization, that were used to identify individual elements within a sample.

2.64 Energy Dispersive X-ray Spectroscopy

EDS measurements were performed in the TEM to determine the chemical
makeup of isolated nanostructures. It was performed as a complimentary measurement
to EELS since EDS is more sensitive to elements with higher Z, such as gallium, nickel,
and gold. Furthermore, EDS measurements made in the JEOL 2010 allowed the spatial
distribution of different elements to be mapped over the nanostructure in the absence

of a substrate.
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3. Motivational Experiments and Furnace Design

3.1 Introduction

In this chapter, initial nanowire experiments and the development of better
growth furnaces is discussed. Section 3.2 describes the original furnace and the growth
experiments performed using it. Section 3.3 explores the different furnace models
designed and manufactured with gallium nitride nanowire growth in mind. The chapter
then closes with a discussion of the performance of the different furnace designs with

respect 