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ABSTRACT

The use of compound semiconductor heterostructures to create electron confinement has
enabled the highest frequency and lowest noise semiconductor electronics in existence. Modern
technology uses two-dimensional electron gasses and there is considerable interest to explore
one-dimensional electron confinement. This thesis develops the materials science toolkit needed
to fabricate, characterize, and control the compositional, structural and electronic properties of
core-shell GaAs/AlGaAs nanowires towards studying quasi-one-dimensional confinement and

developing high mobility electronics

First, nanowire growth kinetics were studied to optimize nanowire morphology.
Variations in nanowire diameter were eliminated by understanding the role Ga adatom diffusion
on sidewall deposition and vertical growth was enabled by understanding the importance of Ga
and As mass-transport to nanowire nucleation. These results demonstrate that arrays of
vertically-aligned GaAs nanowires can be produced. Then, the deposition of epitaxial AlGaAs
shells on GaAs nanowires was demonstrated. By reducing the nanowire acrial density the
stability of the nanowire geometry was maintained. A variety of analytical electron microscopy
techniques cpnﬁrmed the shell deposition to be uniform, epitaxial, defect-free, and nearly atomic
sharp. These results demonstrate that core-shell nanowires possess a core-shell interface free of

many of the imperfections that lithographically-defined nanowires possess.



Finally, the adverse effect of the Au seed nanoparticle during n-type doping was
identified and n-type doping was achieved via the removal of the Au nanoparticle prior to
doping. A combination of energy dispersive X-ray spectroscopy, current-voltage, capacitance-
voltage, and Kelvin probe force microscopy demonstrated that if the Au seed nanoparticle is
present during the shell deposition, Au diffuses from the seed nanoparticle and creates a
rectifying IV behavior. A process was presented to remove the Au nanoparticle prior to shell
deposition and was shown to produce uniform n-type doping. The conductivity of GaAs/n-GaAs
nanowires was calculated as a function of donor concentration and geometric factors taking into
account the effects of Fermi level pinning. The control demonstrated over all of these parameters
is sufficient enough for core-shell nanowires to be considered candidates for high mobility

electronics.
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Chapter 1. Introduction and Motivation

Nanotechnology, the study and practical application of the unique properties of
the nanoscale, holds great promise for improved performance and novel functionality in
devices. One device that already utilizes the unique properties of the nanoscale is the
high electron mobility transistor. By confining electrons to two dimensions, transistors
with increased frequency response and lower noise have been produced and form the
foundation of modern mobile telecommunications. Recently demonstrated quasi-one-
dimension semiconductor structures, nanowires, may be able to confine electrons to one
dimension expanding current understanding of electronic conduction and provide a
platform for future high mobility devices. This thesis develops the materials science
toolkit needed to fabricate, characterize, and control the compositional, structural and
electronic properties of core-shell GaAs/AlGaAs nanowires towards studying quasi-one-
dimensional confinement and developing high mobility electronics

1.1 A problem with scientific and technological interest
Beginning with Richard Feynman’s vision in 1959 [1] and bolstered by the

unprecedented scientific, technological, and societal advancements that the microelectronics
industry created, the notion of controlling matter down to the nanometer scale has generated
substantial interest from both scientists and technologists. For the scientist, nanostructures allow
the study of the atomistic mechanisms controlling materials properties in an unprecedented way.
For the engineer, nanostructures present the ultimate building blocks to create devices with
improved performance or novel functionality. This convergence of scientific and technological
interest has led many to predict that the study of materials at the nanometer scale, commonly
referred to as nanotechnology, is the next great frontier of scientific advancement and economic

growth [2].

The belief that a field with both scientific and technological interest is a breeding ground
for novel technology has precedent. Consider the development of the high electron mobility
transistor. Band theory predicts that creating a heterointerface between two materials with

different bandgaps creates an energy potential well. This energy well creates electron
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confinement, which enhances carrier mobility by suppressing vibrational scattering mechanisms.
The belief that epitaxial heterostructures could lead to improved performance electronics
generated both scientific and technological interest. When the ability to epitaxially grow thin
films of GaAs/AlGaAs with exceptionally low defect densities was developed in the 1960’s,
scientists were able to experimentally study the effect of reduced dimensionality on electron
conduction. They confirmed the presence of two-dimensional free electron gas (2D FEG) and
also found that the conduction band offset was able to trap free carriers from a doped layer many
tens of nanometers away from the heterointerface. This effect, known as modulation doping [3],
enabled a transistor with electron mobility twice that of its doped counterpart [4] creating
electronics with higher frequency response and lower noise than any other semiconductor

technology.

Nanotechnology may hold the key to continuing advancement in high mobility
electronics. To extend the study of reduced dimensionality on electron conduction from 2D to
1D requires the ability to produce quasi one-dimensional single crystalline heterostructures that
support transport of charge carriers along their length while maintaining nanoscale effects across

their diameter. This structure is referred to as a semiconductor nanowire.

1.2 The semiconductor nanowire for high mobility electronics

There exist two fundamentally different approaches to fabricate nanowires. The first
approach to producing nanowires is the top-down approach. Top-down nanowires are produced
by carving out a nanowire from a piece of bulk semiconductor material using lithography and
etching. This approach utilizes the mature fabrication technology of the semiconductor industry
allowing for easier integration with current CMOS technology. However, the top-down approach

suffers many of the same materials quality issues inherent to lithography and etching, such as
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surface roughness and surface traps. Attempts to create one-dimensional conduction with top-
down nanowires failed because the surface roughness inherent to this fabrication method
produced additional scattering centers [S]. So while top-down nanowires may be useful for near-
term applications in integrated circuits [6], top-down nanowires are unsuitable as a platform for

continued advancement in high mobility electronics.

The second approach to producing nanowires is the bottom-up approach. Bottom-up
nanowires are produced by inducing single-crystalline semiconductor growth in a nanowire
shape. Since the nanowire structure is produced by epitaxial crystal growth, bottom-up
nanowires have shown heterointerfaces with the same crystalline quality as MODFETs both
perpendicular and parallel to the substrate orientation [7, 8]. As a result, bottom-up nanowires
are ideally suited as a platform to study the effect of reduced dimensionality of electron [9, 10]
and phonon [11, 12] conduction. There exist various methods to produce bottom-up nanowires
such as selective area epitaxy [13] and solution-liquid-solid growth [14], but the most widely
studied method is the Au-mediated vapor-liquid-solid (VLS) mechanism [15], which has been
shown to produce GaAs nanowires [16, 17] as well as proof-of-concept transistors [18-24], light

emitting diodes (LEDs) [25], lasers [26-28], and photovoltaics [29, 30].

Au-mediated VLS nanowire growth utilizes a seed Au nanoparticle as a preferential
decomposition site for gallium precursor and creates a driving force for the heterogeneous
nucleation of a quasi-one-dimensional single crystal of GaAs. The GaAs/AlGaAs material
system is an ideal system to study quasi-one-dimensional conduction since the GaAs/AlGaAs
system has only 0.13% misfit enabling heterointerfaces with low defect densities and bulk GaAs

exhibits electron mobilities as high as 8500 cm?*/V-s at room temperature.
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1.3 Outline of thesis topic and work

In order to study quasi-one-dimensional conduction in GaAs/AlGaAs nanowires towards
high mobility applications, a materials science toolkit is first needed to fabricate an appropriate
test structure. A method to produce GaAs nanowires must be demonstrated with control over
nanowire morphology and structure. Once GaAs nanowire growth is understood, the deposition
of an epitaxial AlGaAs shell deposition must be demonstrated. In order to ensure an epitaxial
heterointerface capable of producing quasi-one-dimensional confinement, the structural and
core-shell interfacial properties must be characterized and deemed to be free of imperfections
that add additional scattering centers. Finally, the electronic properties of core-shell nanowires

must be understood and methods devised to provide controllable doping.

Prior to this thesis work had been done to fabricate core-shell GaAs/AlGaAs nanowires,
however the morphology of these structures were not controlled, the nanowire structural and
core-shell interfacial properties were not known, and n-type doping in GaAs nanowires had not
been achieved [31-35]. This thesis studied the growth and properties of core-shell GaAs/AlGaAs
nanowire heterostructures and accomplished the following three objectives. First it demonstrated
the ability to fabricate uniform vertically-aligned GaAs/AlGaAs nanowires. Second, the
structural, compositional, and core-shell interfacial properties of GaAs/AlGaAs nanowires were
characterized and shown to be defect-free, uniform and nearly atomically sharp, respectively.
Third, the adverse effect of the Au seed nanoparticle was understood and overcome yielding
uniform n-type shell doped GaAs nanowires. This work creates the materials science toolkit to
use n-type doped core-shell GaAs/AlGaAs nanowires to study reduced dimensionality on

electronic conduction and develop core-shell nanowire electronics.
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The thesis is organized in six chapters, as follows. Chapter 2 explains in detail the
experimental methods and protocols utilized to fabricate and characterize nanowires [36]. The
reader is directed to read this chapter if interested in the specific details of the experiments used
to prove the results presented in Chapters 3 through 5. Chapter 3 presents studies on fabricating
uniform vertically-aligned arrays of GaAs nanowires. The growth kinetics of nanowires were
understood and optimized to control nanowire morphology [37]. These results demonstrate that
arrays of vertically-align GaAs nanowires can be produced, making them viable candidates for
integrated device applications [38]. Chapter 4 presents studies exploring the deposition and
characterization of AlGaAs shells on GaAs nanowires. These results demonstrate that the
morphology, composition, and crystalline quality of core-shell nanowires can be controlled
precisely enough for applications in high mobility electronics [39]. Chapter 5 presents studies on
n-type doping via the deposition of a doped shell. These results highlighted the adverse effect of
the Au seed nanoparticle and demonstrated that doping can be achieved in radial heterostructures
[40]. Finally, Chapter 6 summarizes the results and provides insight and opinions on the future of

core-shell GaAs/AlGaAs nanowire research for high mobility applications.
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Chapter 2. Background & Experimental

The purpose of this chapter is to introduce the various experimental techniques
used in this thesis. First, the metal-organic chemical vapor deposition technique used for
the growth of nanowire is presented, including a discussion of reactor design and
reaction chemistry. Second, the electron microscopy techniques used to investigate the
structural, compositional, and core-shell interfacial properties core-shell nanowires are
presented. This includes a discussion of scanning electron microscopy, transmission
electron microscopy, scanning transmission electron microscopy, and energy dispersive
X-ray spectroscopy. Finally, the processing and measurement techniques used to
investigate the electrical properties of individual nanowires are presented, including a
discussion of depositing contacts on individual nanowires, electrical measurement
techniques, and Kelvin probe force microscopy.

2.1 Nanowire fabrication
As explained in Chapter 1 this thesis will study the epitaxial growth of bottom-up

GaAs/AlGaAs core-shell nanowires. Inducing epitaxial growth in the nanowire geometry has
two requirements. First, a substrate preparation process must be developed to only permit
nucleation and growth on predefined areas of a substrate. Second, growth conditions must be
engineered to create kinetic barriers to crystal growth in all but one direction. Two growth
mechanisms have been shown to produce epitaxial nanowires: metal-free selective area epitaxy

(SAE) and the metal nanoparticle mediated vapor-liquid-solid (VLS) growth mechanism.

SAE growth of GaAs nanowires was first reported by Fukui in 1991 [13]. The nucleation
sites are defined by creating nanoscale pores in a silicon dioxide mask atop a GaAs (111)B
substrate using lithography. The sample is then inserted into a metal-organic chemical vapor
deposition chamber and grown under carefully designed conditions to promote selective growth
in the <111> direction. This method has been shown to produce uniform arrays of GaAs
nanowires and is a promising approach for future commercial devices based on GaAs nanowires.

However, SAE has not been shown able to produce nanowires with diameters less than 60 nm

25



[41] due to lack of clear facet formation at low diameters. This would prevent the study of

electron conduction at important quantum mechanical length scales.

To achieve smaller diameters, the use of a metal nanoparticle to seed the nanowire
growth is required. The VLS mechanism utilizes a metal nanoparticle to act as a gettering source
for the gallium and arsenic source material and the solubility limit of GaAs in the metal
nanoparticle to induce phase separation of the GaAs from the metal nanoparticle. This method
has been shown with CMOS compatible metals such as Mn [42], however nanowire growth
experiences kinking and structural defects. On the other hand, VLS nanowires grown using Au
as the seed nanoparticle have shown GaAs nanowire growth free of kinking and structural
defects [16], making it ideal for the fabrication of a test structure to study lower dimensional
conduction. If studies on Au-grown nanowires reveal that GaAs/AlGaAs nanowires may be
viable candidates for commercial applications, then nanowire growth using a CMOS-compatible

metal or SAE can be explored.

Nanowires have been demonstrated using a variety of growth systems including
conventional III-V growth techniques such metal-organic chemical vapor deposition (MOCVD)
[13] and molecular beam epitaxy [43]. For thin-film electronics, MBE is known to achieve
higher purity films and is commonly used to prototype a device, whereas metal-organic chemical
vapor deposition can achieve commercial-scale throughput and is used demonstrate process
scalability and compatibility with commercial techniques. It might seem logical to use MBE to
produce a test structure to study quasi-1D conduction. However, VLS nanowire growth requires
the creation of a kinetic barrier to growth in all but one direction. Since MOCVD growth
introduces reagent material in the form of chemical precursors, it allows for selective area

epitaxy since metal nanoparticles can act as a preferential decomposition and nucleation site for
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precursor. MBE introduces reagent material in elemental form, which means that reagent
material can spontaneously react before reaching the Au nanoparticle. Hence MBE is less
desirable than MOCVD for VLS nanowire growth because it is less able to provide selective area

nucleation and growth.

Fabricating nanowires by the Au mediated VLS mechanism is a three-step process. First
GaAs wafers ready for epitaxial growth (epi-ready) were diced into smaller samples. To protect
the epi-ready surface of the GaAs, a protective layer of silicon dioxide was deposited by plasma
enhanced chemical vapor deposition prior to dicing. Once epi-ready die were prepared gold was
deposited to seed nanowire growth and this section describes the three methods utilized to
deposit Au nanoparticles: evaporation of a thin film, deposition of colloidal gold nanoparticles,
and galvanic reaction on a lithographic template. Once gold seed particles are on the substrate,
nanowire growth is conducted by metal-organic chemical vapor deposition (MOCVD). This
section presents an overview of MOCVD theory as well as the growth conditions used for core-
shell nanowire growth.

2.1.1 Preparation of GaAs substrates for nanoparticle deposition

Prior to further processing, GaAs substrates were coated with a layer of silicon dioxide

and polymer to protect the top surface. Wafers were then cut with a die saw into squares and

cleaned using solvents and oxygen plasma.

Nanowire growth substrates were prepared from 2” single-side polished GaAs wafers.
Both (100) and (111)B substrates were used. GaAs (111)B substrates were used for vertical
nanowire growth while GaAs (100) substrates were used since it is the orientation most often
used in commercial applications. Small samples of the substrate were cut by use of a diesaw. For

dicing, a 500nm thick protective silicon dioxide layer was deposited at 250°C using a Surface

27



Technology Systems plasma-enhanced chemical vapor deposition reactor. This layer ensured
that no organic material or particulate matter came into contact with the polished surface. A
second protective layer of PMMA A4 resist, was spin coated at 3000 rpm and soft baked on a
hotplate at 180°C for 1.5 min. The final layer thickness was 400 nm. The resist was deposited to
ensure the wafers did not cleave during dicing. Individual die were then cut 8mm by 8mm using

a Disco Abrasive System Model DAD-2H/6T diesaw.

Prior to nanoparticle deposition, the substrates underwent cleaning to remove any organic
contamination. The substrates underwent a 3-solvent cleaning procedure, followed by oxygen
plasma cleaning. The 3-solvent clean consisted of ultrasonic cleaning in a bath of acetone (99.5%
purity), methyl alcohol (99.8% purity), and then isopropyl alcohol (IPA) (99.5% purity) each for
10 min. After cleaning in isopropyl alcohol, the samples were blown dry in a nitrogen stream
(99.9% purity). As a final clean, a Plasmod 4” barrel oxygen plasma cleaner operating at 100 W
was used to clean the substrates for 10 min. Nanoparticle deposition took place within 30 min of

plasma cleaning.

Substrates to be patterned by electron beam lithography were spin coated with PMMA
950K (1 wt% in anisole) purchased from Microchem, then soft baked on 180°C hotplate for 3
min before exposure. The thickness of the coated PMMA was about 50 nm measured by a KLA-
Tencor P10 profilometer. The substrates were exposed on a Raith-150 scanning electron beam

lithography (EBL) system at an accelerating voltage of 30 kV with a dot dose of 0.04 pA-s-cm™.

The PMMA was developed in methylisobutylketone (50% in IPA) for 30 s at 21°C and
then rinsed in IPA for 30 s. Lift-off was performed by immersing the samples in a 1,2-
dichloroethane (DCE) solution [44] followed by 10 min of O, plasma cleaning in a Plasmod 4”

barrel oxygen plasma cleaner operating at 100W.
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2.1.2 Deposition of gold on GaAs substrates

As mentioned above, gold was deposited by one of three methods: colloidal solution, thin
film, or electron beam lithography with galvanic displacement. For deposition from colloidal
solution, the surfaces of the GaAs growth substrates were made hydrophilic by deposition of
poly-I-lysine solution (40mL). After 10 min, the substrates were then gently rinsed in stream of
deionized (DI) water and dried in a stream of nitrogen (99.9% pure). Next, 40 mL of
commercially available colloidal gold solution with diameters ranging from 5 - 100 nm was
dropped onto the substrate surface. The colloidal solution was left on the substrate for 5 - 20 min
to allow the colloids to precipitate on the substrate surface. The sample was then gently rinsed in
stream of DI water and then gently blown dry in a stream of nitrogen gun (99.9% pure). For thin
film gold deposition the GaAs growth substrates were inserted into a Sloan 8 kV electron beam
evaporator. A thin film of gold was deposited at a background pressure of 3x 10 torrand a

deposition rate of 1A/s and the final film thickness was 0.6 - 3.0 nm.

Finally for the galvanic displacement deposition, the Au" solutions were prepared by
dissolving hydrogen tetrachloroaurate (III) trihydrate into deionized water. Prior to the galvanic
reaction, the substrates were immersed in a 2% (v/v) aqueous hydrofluoric acid (HF) solution for
5 min to remove the native oxide layer. The growth substrates were patterned to provide
diameter- and position-controlled deposition of Au nanoparticles. The patterned GaAs 111[B]
substrates were patterned by EBL and then immersed in Au"® solution of 5%10™ M for reaction

time of 20 min.

The reaction is shown in Figure 2-1. Au* ions diffuse to the surface of the GaAs
substrate due to the concentration equilibrium effect. Once the Au" jons contact the surface

directly, a spontaneous reduction occurs due to the difference in the standard reduction potential
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(the Au" /Au pair, 1.42 V versus a normal hydrogen electrode (NHE), is higher than those of
Ga" /Ga, -0.56 V versus NHE, and the As*/As pairs, 0.234 V versus NHE) [45]. The Au"’ ions
receive reducing electrons from the bonding electrons of the GaAs substrate (valence band) [46]
forming Au nanoparticles and producing gallium and arsenic oxide on the surface of the GaAs
substrate. After the reaction, all the samples were thoroughly washed by DI water to remove the

: Y
residual Au” ions.

Au*3 1 :
solutior"l_/ 1 2 ! l
PMMA | galvanic gich ——
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Figure 2-1: The galvanic reaction to deposit Au on GaAs. 1) A patterned substrate is immersed
in Au” solution. 2) Au" ions replace Ga" and As* ions producing oxides. 3) PMMA is
removed. 4) GaAs nanowires are grown by MOCVD

2.1.3 Metal-organic chemical vapor deposition

Metal-organic chemical vapor deposition is the commercial standard for epitaxial growth
of single crystalline I1I-V semiconductors. It is highly scalable and capable of very high
throughput, unlike molecular beam epitaxy, and offers greater control over composition and
purity than other methods such as hydride chemical vapor deposition or liquid phase deposition.
Complete descriptions of MOCVD can be found elsewhere [47]. What follows is a general
description of MOCVD operation and the key concepts required to understand the work

presented in this thesis.
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The process operates by introducing the growth elements from the vapor phase within a
chemical compound known as a precursor. A combination of thermodynamics and fluid
dynamics creates a chemical potential difference that drives the precursors to the growth surface.
Once there, a series of decomposition and deposition reactions occur. These reactions break
down the precursor yielding the growth element, out-react the decomposition reaction by-

products, and drive the crystal growth of the semiconductor material.

A metal-organic chemical vapor deposition reactor consists of two major subsystems: a
gas delivery system and a reaction chamber. Each of the two subsystems independently controls
one of the two primary process parameters of the growth. The gas delivery controls the partial
pressure of the reagent gasses. This correlates directly to the amount of reagent supplied to the
reactions. The reaction chamber controls the reaction temperature, which directly affects the

reaction rates.

The gas delivery system is a network of valves and mass flow controllers designed to
create a controlled mixture of carrier and precursor gasses flowing into the reaction chamber.
Each precursor gas supplies an element of the material to be deposited contained within a
chemical compound. The carrier gas is a constant flow of gas not containing a deposition
material. The carrier gas stabilizes the flow of the gas mixture as the flow rate of the carrier gas
is always greater than one hundred times the total flow of the precursors and kept constant

throughout the process.

The reaction chamber is a heated chamber where the precursor gasses decompose and
deposit material on the samples. In this thesis a horizontal reactor, as shown in Figure 2-2, was
used. The chamber and all of its components are made from single crystalline quartz to operate at

temperatures up to 800°C. The input gas is delivered from the gas delivery system into the
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reactor. The inlet is designed to ensure the flow of gas is laminar and evenly distributed over the
chamber. The samples are placed atop a graphite susceptor, which is indirectly heated by infrared
lamps. The susceptor, with a much larger thermal mass than the samples’, ensures the
temperature of the samples stays uniform. The indirect heating ensures that only the graphite
susceptor is directly heated while the quartz chamber is not. This is known as a “cold-wall”
configuration and is designed to ensure that the precursors primarily diffuse to and decompose

on the samples and not on the quartz chamber.

a) Process Gas Inlet Quartz chamber

] | -

— |
-1 w

Silicon carbide coated Process

graphite susceptor Exhaust h _mn

Figure 2-2: a) Schematic of MOCVD reaction chamber. b) Picture of chamber durig operation.

The deposition of material by MOCVD occurs via two distinct types of reactions:

decomposition and deposition. The reactions for GaAs are shown in Equation (2-1).
Ga(CH, ), + AsH,—">Ga + As + 3H +3CH, —> GaAs + 3CH, 20

The first reaction is the decomposition of the precursors to yield the desired deposition
element. It should be noted that many sub-reactions occur and the decomposition reactions
produce by-products that must diffuse away. Both of these facts can affect the growth kinetics of
nanowires [48]. The second reaction is the deposition of material; this reaction is simply the
elements supplied by the precursor incorporating into the lattice of the substrate. In this thesis,
the composition of all deposition materials can be generalized as Al,Ga, ,As:Si, where x is the
percentage of aluminum in the AlGaAs alloy and y is the doping level of silicon in the AlGaAs

alloy.
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Figure 2-3: Schematic showing the various kinetic steps in MOCVD growth. Steps in blue are
categorized as gas-phase mass transport limited steps and steps in red are categorized as
kinetically-limited steps. Adapted from [49]

Understanding how growth conditions will effect the composition of the material
produced requires an understanding of the reaction kinetics. In general, there are a variety of
different kinetic steps that occur in this process, as shown in Figure 2-3. The slowest one is
referred to as the “rate-limiting step” and determines the overall reaction rate. These steps can be
divided into two categories. The first category is gas-phase mass-transport, which includes the
diffusion of precursor to the sample, the adsorption of the precursor onto the surface, the
desorption of reaction by-products, and the out-diffusion of reaction by-products. If the rate
limiting step is a gas-phase mass-transport step, then the parameters x and y in are determined by
the relative flow rates of the precursor gasses and the total growth rate is determine by the total
flow rate. The second category of kinetic steps is referred to as reaction steps, which includes
precursor decomposition, material deposition, and the out-reaction of by-products. If the rate
limiting step is a reaction step, then the parameters x and y as well as the growth rate are
determined by the growth temperature. Since the temperature typically determines the

crystallinity of the deposition material, it is undesirable to have a reaction step be the rate-
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limiting step. MOCVD reactors are typically designed to operate such that a gas-phase mass

transport step is the rate-limiting step.

2.14 Growth of core-shell nanowires by MOCVD

In this thesis, a Thomas Swan CS6320 atmospheric-pressure cold-walled, horizontal flow

metal-organic chemical vapor deposition reactor was utilized. The precursors used for gallium,
aluminum, arsenic, and silicon were trimethyl gallium (TMGa), trimethyl aluminium (TMALI),
arsine (AsH3), and silane (SiH4), respectively. The carrier gas was H, at a flow of 15 standard

liters per minute.
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Figure 2-4: Plot of the temperature (left axis) and precursor flow (right axis) profile during a
typical core-shell nanowire growth

The temperature and flow profile of a typical core-shell nanowire growth is shown in
Figure 2-4. The substrates were heated to 600°C, and annealed in AsH; for 10 min to allow the
nanoparticles to form, alloy with the GaAs substrate, and create a eutectic Au-Ga liquid.
Annealing also removed any organic residue on the surface of the substrate. Flow of AsH; was

engaged as soon as the sample reached 350°C to prevent desorption of arsenic from the surface
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of the GaAs substrate. After annealing, nanowire growth by the vapor-liquid-solid (VLS)
mechanism [15] was initiated by cooling the substrate to 420-480°C and introducing TMGa
flow. The TMGa flow was maintained for 5 — 20 min, yielding nanowires 5 — 20 pm in length.
After NW growth, epitaxial shell deposition by the VS mechanism was initiated heating the
substrates to a temperature in the range of 650°C — 750°C and introducing the desired Group III
and Group IV precursors. The Group III and IV precursor flow was maintained for 1.5 — 8 min
resulting in shells 20 - 200nm thick. Lastly, the substrates were cooled to room temperature.
AsHj; flow was disengaged when the samples were cooled below 350°C to prevent arsenic out-
gassing [50].
2.2 Electron microscopy characterization

Electron microscopy (EM) is a standard technique for microstructural and compositional
analysis of single-crystalline materials [51]. EM describes a variety of imaging and analysis
techniques produced by bombarding a sample with a beam of electrons and collecting the
electrons and electromagnetic radiation that are transmitted through, diffracted by, or emitted
from the sample. Bombarding a sample with a beam of electrons produces a number of signals

that are shown in Figure 2-5.
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Figure 2-5: Schematic of the various signals that can be produced and collected in an electron
microscope. All images have scale bar equal to 100nm. Adapted from [52].

2.2.1 Electron microscopy sample preparation

Scanning electron microscopy (SEM) required no preparation before imaging. Two types
of transmission electron microscopy (TEM) were prepared: planview and cross-sectional.
Planview samples were used to investigate the properties individual nanowires as they varied
across the length of the nanowire. Cross-sectional samples were used to investigate the properties

of individual nanowires as they varied within the nanowire cross-section.

Planview samples were prepared, as shown in Figure 2-6, by immersing the as-grown
GaAs substrates into 50-100 pL of ethanol in a vial. The volume was set so that there was just
enough ethanol to fully immerse the substrate and ensure that the nanowire density in the
solution was as high as possible. The vial was immersed into a Crest 175DA ultrasonic cleaner
for 10 s. To ensure that the sonication did not break the nanowires, the power of the ultrasonics
was kept below 5W. To ensure that nanowires were suspended in the solution. A small droplet of
solution was dropped onto a glass slide to verify the presence of nanowires in the suspension. In

a Nikon Eclipse LV100 optical microscope, nanowires appear as iridescent rods in dark field
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mode at a magnification of 500 or greater. Once optical microscopy confirmed the presence of
nanowires in suspension, TEM samples were prepared by depositing a 2 uL droplet of solution
onto lacey carbon/formvar TEM grids (Ted Pella 1881-F), then drying in air for 5 min. To
increase the density of nanowires on the TEM grid, 5 — 20 droplets of nanowire solution were

typically dropped.

Cross-sectional samples were prepared using a three-step process (Figure 2-6): 1)
Nanowires were transferred to a plastic coverslip by rubbing the coverslip onto the substrate, 2)
The cover slip was embedded in epoxy pre-molds, and 3) The cross-sections were sliced with a

diamond knife using a microtome.

Epoxy premolds were made using Eponate-12 epoxy, purchased from Ted Pella. The
epoxy was prepared by mixing proprietary Eponate 12 resin (49.9% by mass), double distilled
docecenyl succinic anhydride (DDSA) (14.8% by mass), n-methyl anhydride (NMA) (32.6% by
mass), and benzyldimethylamine (BDMA) (2.7% by mass) in a fume hood for five min. The
epoxy was then poured into a mold so that each mold was half-filled. The molds were baked for

18 hours at 60°C, until solid.

Thermonox plastic coverslips, purchased from Ted Pella, were sliced 2 mm by 1 cm long
using a pair of scissors. An as-grown substrate was affixed to a horizontal surface using double-
sided carbon tape. Using a pair of tweezers, the coverslip was rubbed across the surface in a
uniform direction. Multiple strokes were made to increase the density of nanowires on the
coverslip. The coverslips were then placed on top of the epoxy premold, with care taken to
assure that the edge of the coverslip was perfectly perpendicular to the edge of the premold. This
process ensures that the nanowires, which lie in the plane of the coverslip oriented along the

direction of rubbing, will be perpendicular to the diamond blade during microtomy. A second
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batch of the epoxy, prepared exactly as the premold was prepared and deposited on top of the

coverslips. The samples were cured again for another 18 hours at 60°C.
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Figure 2-6: Schematic showing the preparation process for plan-view and cross-section nanowire
TEM samples.

After curing the samples were trimmed to a trapezoidal shape using either a razor blade
or a glass knife. The samples were sliced with a target thickness of 75 nm using a Leica UCT
Microtome and a Diatome Histo diamond blade. Slices were transferred onto TEM grids by
immersing the TEM grid into the water bath. The end results are microtome slices resting on top

of a TEM grid.

222 Scanning electron microscopy theory and techniques

Scanning electron microscopy (SEM) was utilized for imaging the morphology of as-
grown nanowire samples. In a scanning electron microscope, an electron beam accelerated

through a voltage of 0.1 — 50 kV is irradiated on a bulk samples. The beam interacts with the
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sample producing secondary electrons, which are collected for imaging. SEM was conducted
using a JEOL 6320FV SEM with a LaBg thermal field emission gun. Imaging was performed at
an accelerating voltage of 5 kV using a JEOL ORION charge-coupled device (CCD) camera.
The only post-processing of digital images was adjustment of levels and the gamma factor.
Under these conditions a maximum resolution less than 2 nm could be achieved'. To enable high

resolution SEM imaging, all nanowires were grown on degenerately doped substrates.

Nanowire height could be determined from tilted SEM images by measuring the apparent
height, happarent, and calculating the real height, 4, from 4 = happaren/sin(8). The diameter
distribution and aerial density of gold nanoparticles was quantitatively determined from SEM

images built-in functions of using ImageJ software.

2.2.3 Transmission Electron Microscopy

In transmission electron microscope (TEM) an electron beam is irradiated on a sample
less than 500 nm thick. Since the electron beam is accelerated through a voltage of 80 -1000 kV,
the impinging electrons are accelerated to a speed of 50 — 95% of the speed of light according to
special relativity [53], so the majority of electrons penetrate through the sample. However, some
electrons will by scattered by the sample and spatially-dependant variations in electron scattering
create the contrast that is used to form TEM images. Images in TEM are formed by a
combination of three contrast mechanisms: mass-thickness, diffraction, and phase contrast [51].
These contrast mechanisms and their applications to characterizing nanowires will be discussed.
In addition, the electron beam generates X-rays, which can be used for compositional analysis in

energy dispersive X-ray spectroscopy. This method will be discussed in the next section.

! Measured by Michael Frongillo of the CMSE Electron Microscopy Shared Experimental Facility.
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Bright field transmission electron microscopy

Bright-field TEM allows imaging the morphology of samples with a resolution of less
than one nanometer. In this mode there are two primary contrast mechanisms: mass-thickness
contrast and diffraction contrast. Mass-thickness contrast is based on the principle that the
number of electrons scattered by the sample will increase with increasing mass or thickness of
the sample. As a result, heavier and thicker regions of the sample will appear darker in bright

field imaging.

Crystallographic defects can be imaged using diffraction contrast. Given that electrons
exhibit wave-particle duality, the electron can be considered to behave like a wave with a
characteristic wavelength of 0.00251 nm at 200 kV. In a perfect crystal with uniform mass and
thickness the electron scattering is uniform across the sample, hence the sample appears uniform.
However, a structural imperfection such as a dislocation, twin plane or stacking fault will create
a diffraction plane for the electrons. The presence of this diffraction plane will create a variation
of the scattering profile of the sample, which is referred to as diffraction contrast. Determining
the properties of structural defects requires a more in-depth TEM analysis known as “two-beam

analysis” and the Howie-Whelan equations [51].

Transmission electron microscopy was performed using a JEOL 2010F field emission
TEM operated at 200 kV and equipped with a thermal field emission gun and Gatan Orius CCD
camera Model 831 SC600. The only post-processing of digital images was adjustment of levels
and the gamma factor. Since nanowire growth was optimized towards eliminating structural
defects, the only information required was whether a sample possessed structural defects or not.
Therefore, samples were simply imaged by bright-field TEM over a variety of tilt angles and the

presence of defects was noted.
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High resolution transmission electron microscopy

Resolving atomic columns can be achieved using phase contrast. As the electron beam
passes through a sample, interactions with the sample will shift the phases of the electrons’ wave
functions. If the sample is randomly oriented, these phase shift are sporadic and average
themselves out. However, if the specimen is tilted onto an axis of high symmetry such that the
beam impinges parallel to the atomic columns (called a zone axis), and then the interaction of the
beam with atomic columns will result in uniform phase shifts that correspond with the lattice
spacing of the crystal. The net effect is an apparent image of the atomic columns. It should be
noted that since there can be many sources of phase contrast in a crystal and the in microscope
itself, lattice-resolved images produced by phase-contrast images require comparison with
simulation for quantitative interpretation. Nevertheless, phase contrast images can provide useful

qualitative information about the crystalline structure without the use of simulation.

Lattice-resolved phase contrast images, commonly referred to as high resolution (HR)
images, were imaged in the same microscope and imaging conditions as bright field TEM with
the following exceptions. HR images were produced by tilting a sample onto a zone axis using a
double-tilted TEM sample holder. For plan view and cross-sectional samples, the <110> and
<111> zone axes were used. The zone axis was found by centering the high symmetry nexus of
the Kikuchi pattern.

Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) is technique complimentary to
transmission electron microscopy that allows for the imaging of thin specimens by use of an
electroﬁ beam transmitting through the sample. The key difference between STEM and TEM is

the shape of the beam utilized in the imaging. TEM creates a parallel beam of electrons that

41



circumscribes the sample. Since different electrons impinge on different parts of the sample,
different electrons experience different scattering and phase shifting, which creates the image
contrast. In STEM, the electron beam is converged to a single point and scanned over the surface
so all electrons impinge at the same point on the sample. As a result, STEM images are directly
interpretable, because phase and diffraction do not contribute significantly to image formation.
However, in STEM the resolution is determine by the size of the converged beam, which is
determined by the spherical aberration of the condenser lenses. Atomic resolution in STEM
requires the use of a spherical aberration corrector, whereas atomic resolution can be achieved in

HR TEM without the use of aberration correction.

Atomically-resolved STEM enables simultaneous chemical and lattice contrast. Utilizing
high angles in dark field STEM increases the chemical contrast. This technique is referred to as
high angular annular dark field (HAADF) STEM. It is also more commonly referred to a Z-
contrast STEM, due to its acute chemical contrast. Lattice resolved images of nanowire cross-
sectional samples were taken using a JEOL 2220FS aberration-corrected microscope with a
CEOS aberration corrector at the Oak Ridge National Laboratories. The sample was irradiated by
a spread beam for 30 min to desorb any residual hydrocarbons on the sample, then tilted onto the
nanowire’s <111> zone axis using the corresponding Kikuchi pattern to collect lattice-resolved
HAADF STEM images. It should be noted that the cross-sectional method presented involved
embedding the nanowires into an insulting material. This makes the sample susceptible to
charging effects, particularly at high magnifications where a lot of charge is concentrated on the

sample.
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‘No Carbon Coating Carbon Coating
Figure 2-7: HAADF STEM images and corresponding Fourier transforms taken on the same
sample a) with and b) without carbon coating.

Images were recorded using less than a 5 s exposure time; however charging still can be
seen in the image, particularly the image Fourier transform (FT), as seen in Figure 2-7. After
imaging the sample was removed from the microscope and then coated with conductive carbon
coating. The samples were reimaged in the same location by the same procedure as above. In
these images the Z-contrast is distorted by the carbon coating, but there is no charging, as can be
seen in the corresponding FT. Using these two imaging methods, uncoated samples were used to
demonstrate the sharp compositional contrast, while FTs of images of the carbon coated samples

were used to demonstrate the crystal structure [38].

2.24 Energy Dispersive X-Ray Spectroscopy

The X-rays were utilized for compositional analysis in energy dispersive X-ray
spectroscopy (EDX). When a high energy electron interacts with the inner core electrons of an
atom, inner core electrons get promoted to higher energy states and then relax emitting an X-ray
characteristic of the specific transition. Since the emission is caused by the core electrons and not
the conduction band electrons, the X-ray emission is determined strictly by atomic percentage
and not the bonding states of the material. This makes EDX a robust technique for compositional
analysis. Its accuracy is limited the presence of X-rays not generated by the sample. In an EM,

when electron lenses redirect the electron beam, the deceleration of the electron beam generates
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an X-ray signal referred to as Brehmsstrahlung (braking radiation). As a result of the background
radiation from Brehmstrahlung as well as possible X-ray reabsorption in the material, the
accuracy of a composition as determined by EDX was taken to be 1-2% depending on imaging
conditions. Chemical analysis was performed in a JEOL 2010F field emission TEM and a VG
HB603 STEM. Both instruments were operated in STEM mode and equipped by an INCA

XSight silicon lithium X-ray detector.

2.3 Nanowire Electrical Characterization

Characterization of the electrical properties required depositing nanowires from ethanol
suspension onto pre-patterned grids. Grids were produced as a batch process on 4” silicon wafers
using optical lithography and liftoff. Once deposited on grids, the locations of the nanowires
were mapped using optical microscopy and custom mapping software. Characterization was
conducted by either depositing Ohmic NiGeAu contacts using aligned e-beam lithography and

liftoff or the surface potential of the nanowires was probe using Kelvin probe force microscopy.

231 Preparation of characterization grids

Thermally oxidized (200nm) 4” degenerately doped n-type silicon wafers were used to
produce grids. First, the layer of oxide on the back of the wafer, the back-oxide, was removed to
ensure a grounding connection to the sample holders for e-beam lithography and electrical
characterization. To remove the back-oxide, a layer of AZ5214 photoresist 1um thick was
deposited and cured in a convection oven for 30 min at 90°C. Next, the samples were immersed
in a diluted solution of buffered oxide for 10 min to remove the back oxide. After etching, the
wafers were inspected by ensuring that their back surfaces were hydrophobic using a DI water
jet. The protective resist was removed by immersion in acetone (99.5% purity) for 2 min,

followed by a rinse in methyl alcohol (99.8% purity), then IPA (99.5% purity). Samples were
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dried in a flow nitrogen (99.9% purity), then cleaned in a Matrix 106 Plasma Asher operating at

1000W for 5 min.

With the back-oxide removed, the grid pattern could be written on the wafers to
determine the position of the nanowires. The wafers were coated with AZ5214 resist spin coated
at 4000 rpm, then baked in a convection oven for 30 min at 90°C. The wafers were then aligned
to a mask and exposed using an EV1 mask aligner for 1.6 s. After initial exposure, the wafers
were baked on a metal slab in a 120°C convection oven for 1.5 min. To reverse the image, the
wafers were exposed without a mask using an EV1 mask aligner for 60 s. With the lithography
complete, the wafers were developed by immersing in MIF 422 developer for 2.5 min, and then
being blown dry in a DI water stream. Wafers were inspected using a fluorescent microscope to
ensure the pattern was fully developed. If fully developed, the wafers were then inserted into a
Temescal FC2000 electron beam evaporator. A stack of Ti/Au (10nm/40nm) was deposited at a
base pressure of 3% 1076 torr and a deposition rate of 1A/s. Liftoff occurred in bath of n-methyl
pyrrodine heated to 120°C. The wafers were immersed for 20 min or until the metal appeared
entire removed. Wafers were then rinsed in a DI water stream and blown dry in a nitrogen stream
(99.9% purity).

Once the pat