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ABSTRACT OF THE DISSERTATION

Growth and Characterization of Semiconductor Nanostructures for Nanoelectronics

by

Jiebin Zhong
Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, December 2011
Dr. Cengiz S. Ozkan, Chairperson

Recently, semiconductor nanostructures have generated a continuously growing
interest owing to their intriguing physical properties and potential for future technology
development. Quasi-one-dimensional nanowires (NWs), usually defined as round or
polyhedral shaped cross-sectional structures with a high aspect ratio of 1000 or more, is
one of the most active research areas for nanoelectronics, optoelectronics and sensors.
Precise controlled growth of NWs, including dimensions, growth rate, morphology,
growth direction, and composition, is essential from the viewpoints of fundamental
materials fabrication and their performance in future applications. However, there are still
many challenges in the fabrication of NWs with controlled dimensions and properties.
This dissertation focuses on investigating the fundamental synthesis aspects of epitaxially
grown III-V NWs by chemical vapor deposition (CVD).
First, gold (Au) catalyst - assisted growth of InSb NWs directly on lattice
mismatched (~7%) InAs (100) substrates have been studied. The influences of NW
vii

diameter and growth temperature on the NW growth rate and morphology have been
investigated. The results indicate that NW growth is limited by the gro wth species direct
impingement and the diffusion of surface adatoms. Next, the dependence of morphology
of epitaxial InSb NWs on CVD growth parameters over InSb (100) substrates has been
investigated. NW length and tapering factors correlated to morphological variations are
determined as a function of growth parameters including growth temperature (300°C480°C), powder source, and duration of growth. Results showed that NW morphology is
influenced by axial and radial growth modes, reflecting the competition of various
growth mechanisms under different growth conditions. We discovered that Indium
droplets may also promote the growth of NWs with a similar role to that of catalytic Au
nanoparticles. A potential growth model is accordingly described and discussed.
An optimum growth condition for straight and minimally tapered InSb NWs has
been established. The as-grown NWs are investigated using Transmission Electron
Microscopy (TEM), indicating a dominant <110> growth direction with the zincblende
crystal structure. Current- voltage (I-V) measurements of single nanowire field effect
transistors (NW-FET), suggest that NWs are of n-type.
A study of the effect of growth temperature on the growth direction of InSb NWs
has been studied. A uniform growth direction of InSb NWs is achieved by optimizing the
growth temperature profile. Results demonstrate that growth temperature plays an
important role when controlling the NW growth direction similar to research on other
types of III-V semiconductor NWs. We also investigated the large assembly of NW
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arrays aligned on the substrate using both in-situ controlled growth method and ex-situ
contact printing method.
Finally, accurate electrical characterization of NWs and their ultimate
implementation in electronics devices fabrication of metal contacts to semiconductor
NWs with good ohmic behavior and low contact resistance has been studied. NW-FETs
have been fabricated and I-V characteristic was measured to study the NW electrical
properties and performance of devices. The improvements of the contact quality and
other properties are discussed.
Our findings provide an in-depth understanding of semiconductor NW growth via
chemical vapor deposition, and the first basis for further investigations on how to achieve
controlled growth of individual and arrayed NWs, and novel device applications for
switching and computation based on future development of nanoscale specific integrated
circuits - NASICs.
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Chapter 1 Introduction
1.1 CMOS Limitations & Moore’s Law
Complementary metal-oxide-semiconductor technology, as well known as CMOS,
is one of the most state-of-the-art technologies widely applying in our daily lives [1-3].
CMOS is representing a technology for constructing a major class of integrated circuits in
microprocessors, microcontrollers, microtransistors, image sensors and other digital logic
circuits. Large scale integrated CMOS is accordingly a really crucial element that affects
our social activities, including living, production, financing, telecommunication, medical
care, entertainment, etc [4]. Can you imagine a day without the help of cell phones and
personal computers? In addition, CMOS semiconductor industry is one of the largest
driving forces for the world economy, not only for semiconductor electronic fields but
also including various industries of materials, equipments, and software which require for
the integrated circuits [5].
Moore‟s law, one of the empirical golden rules in the high-tech industry all
around the world, states that the number of transistors on integrated circuits roughly
doubles about every 24 months and it has been guiding the semiconductor industry for
over 40 years [6]. A large number of innovations and advances in integrated circuit
technologies have provided us computers with ever more powerful processing
capabilities, and be significant factors in the nutrition of Moore‟s law [7]. As the
sustaining of Moore‟s law, the density of integrated circuits continues to increase year by
year, followed by a required scaling down of the dimensions of the individual devices.
For example, Intel®‟ s CPU transistor feature size decreased by 0.7X when counts on chip
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increase by 2X every two years [8-11] . According to the up-to-date reports ， it is
projected that semiconductor manufacturing processes are currently in 22nm technology
node in 2011 and expected to reach 16nm in 2013 and 11nm in 2015 [12]. However, as
the device feature sizes are pushed towards the deep sub-100nm regime, device behavior
and performance become significantly complicated. Operation of ultra-small devices
becomes problematic as the limit of the material reliability and yield assurance are
reached [13]. A typical CMOS schematic is shown in Figure 1.1, which is the cross
section of n-MOS and p-MOS transistors in a CMOS gate.

Figure 1.1 Schematic of typical CMOS structure.

CMOS limitations when down to nanoscale include a) physical challenges, b)
material challenges, c) thermal management challenges and d) technological challenges
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[14-17]. For example, leakage current (off-current Ioff) is significantly increased at the
gate length of 3~5nm while the dielectric oxide reliability is decreased. Defects in copper
interconnect is increased, and increased static and dynamic powder dissipation when
transistors size scaling down. In addition, the reduced size features require more
complicated manufacturing process while fundamental physical constraints in the
conventional fabrication and implementation methods are predicted to limit the continued
advancement of state-of-the-art electronics manufacture. The current lithography based
patterning technology could not achieve the resolution requirement for further
miniaturization of devices beyond 2015. Meanwhile, the capital cost of a semiconductor
FAB increases exponentially over time which is another important consideration for the
sustaining of Moore‟s law, leading as the formulation of “Moore‟s second law” [13, 18].
It is predicted that the current planar CMOS FET limit is 5nm in gate length in the
year of around 2020, although it could be 3nm in 2030 [4]. To overcome the limits of
current technology, researchers are dedicated in seeking alternative methods and
solutions for extending well Moore‟s law into next decade. In the past a few decades,
nanoscience and

nanotechnology have been receiving huge attentions in the

semiconductor community, and tremendous progress has been made in the research of
novel nanomaterials for future nanoelectronics applications [19]. Figure 1.2 is the
roadmap of potential future electronics, which suggests the timeline of most of the
potential technologies that could extend or even replace CMOS.
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Figure 1.2 Roadmap of potential future electronics [4].

1.2 Nanostructures
Recently, nanostructures, defined as structures possessing at least one dimension
size between 1 to 100 nanometers (nm), have generated a continuously growing interest
owing to their intriguing physical properties and potential for future technology
development [20, 21], i.e. nanoelectronics applications. As the existing CMOS
technology is now meeting the deep sub-100nm regime, the ability of generating such
minuscule nanostructures is essential. Also, nanostructures could make a large number of
opportunities for the needs of future technologies. Zero-dimensional (0D) [22, 23]and
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two-dimensional (2D) nanostructures [24, 25]exhibiting different properties than their
bulk format have been extensively studied in a wide range of types of materials and their
applications . Significant progress has been made with 0D and 2D nanostructures in the
past two decades, contributed by many groups worldwide. For example, thanks to the
similarity as conventional planar devices architecture and advanced ability of controlled
fabrication technique, ultrathin 2D nanostructures with few nanometers thick, also known
as quantum well, are introduced into high quality commercial devices, such as multiquantum-well (MQW) light-emitting diodes (LEDs) and lasers [26-29]. Graphene, one
atom thick planar 2D sheet of sp2 bonded carbon atoms, has been becoming one of the
most emerging research subjects due to its unique electronic and optical properties [3032]. Various types of notable nanodevices have been fabricated by using ultrasmall
format 0D nanostructures (quantum dots) as well, including quantum dot LEDs, lasers,
transistors, memory units and sensors [33-36].

1.3 Properties and Applications of Nanowires
1.3.1 Nanowires
Besides of 0D and 2D nanostructures, since the discovery of carbon nanotubes by
Iijima in 1991[37, 38], quasi-one-dimensional (1D) nanostructures, including nanorods
[39, 40], nanotubes [41, 42], nanobelts[43-45] and nanowires [43-45], have been
considered as a promising class of materials for fundamental physics studies and
explosion of future technologies. Of these features, nanowires (NWs) which is the
focused theme in this dissertation, usually defined as round or polyhedral shaped cross-
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sectional structures with a high aspect ratio of 1000 or more, is one of the most active
research subjects in the past decade. In particular, NWs have a symmetric radial
dimension in the range from ~5nm to ~100nm and typically micrometers in length along
the third axial dimension. Typical Scanning Electron Microscopy (SEM) images of
Indium Antimonide (InSb) NWs and arrays on the growth substrate are displayed in
Figure 1.3, showing the typical NW morphology.

Figure 1.3 Typical SEM images of (a) individual InSb NW and (b) NW arrays on the
substrate.

1.3.2 Nanowire Prope rties
With their unique large surface area and surface to volume ratio structure, quasione-dimensional NWs exhibit distinct electrical, optical, mechanical and chemical
properties [19, 46-52], compared with bulk materials.
In general, when semiconductor materials are sufficiently small (the feature size is
of the same magnitude range as the wavelength of the electron wave function), their
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electrical and optical properties deviate substantially from bulk format due to the
quantum confinement [53-55]. At the normal state, the bandgap of semiconductors
remains at the original energy level owing to the continuous energy state, since the
confining dimension for a particle (i.e. electron) is large compared with the wavelength
of the particle [56]. However, as the confining dimension for the particle decreases and
reaches the limit, the energy state will turn to discrete. As a result, the bandgap varies and
becomes relying on the feature size [57, 58]. The confining characteristic limit and the
effect can be described as exciton Bohr radius [59-61]and Bohr model[62-66]. The
tunability of bandgap depending on the feature size, leads to the tunable electrical and
optical properties of semiconductors. In particular, semiconductor NWs with the unique
structure of comparable small dimension (approaching to the Bohr radius) in radial
direction would confine the particles within these two dimensions but relatively
unrestricted in the axially third dimension; particles can flow as free along the NW length
but constrained in their diameter dimension. Such NWs are named as quantum wire and
have received a lot of attentions in both fundamental and application fields [67-69].

1.3.3 Nanowire Applications
With the novel electrical and optical properties mentioned above, NWs have been
received of a lot interests in the research filed of a variety of future applications, such as
single Nanowire-Field Effect Transistors (NW-FETs) [70], Light Emission Diodes (LEDs)
[71], crossed NW arrays building blocks device as architectures for logic gates [72] and
Nanoscale Specific Integrated Circuits (NASICs) [73].
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NW-FETs are a prototypical example of the potential electronic devices for future
applications as a substitute of traditional planar transistors [19]. The studies of
development of NW-FETs enable the evaluation of the NW performance compared with
their traditional planar devices in terms of various characteristic properties [74]. NWs
here are serving the similar role as the planar materials for the channel of one type of
charge carrier in semiconductor under an electric field and hence control the conductivity.
The current results on NW-FETs from different groups are comparable to the high
performance and single crystalline planar devices, which suggests that NW-FETs are
really a promising candidate for future electronic transistors [75, 76]. One of another
attractive feature of NW-FETs is that its high temperature material fabrication step for
preparation of high quality single crystalline materials and low temperature contact
deposition step can be separated, producing the possibility of better performance of
devices. Furthermore, the flexibility of NW-FETs for more complex circuits and designs
owing to their self-assembly nature leads to a high-performance and low-cost profile,
which is a desire for industry and today‟s economy. Not only serving as transistors, NWFETs have received a lot of attentions in robust sensors for detection of sensitive,
hazardous gases, biological and chemical species [77, 78]. Besides of that, many efforts
have also been placed on the p-n junctions using NWs [79, 80] .
Furthermore, NW building blocks and more complex device architectures open up
an opportunity for alternative high efficiency circuits design. For example, the crossed
NW architecture which comprises of two layers of NW arrays is introduced in 2001 for
the notable addressable decoding logic gates [72]. A novel Nanoscale Specific Integrated
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Circuits (NASICs) design is proposed by Dr. Andras Moritz as a candidate for future IC
technology [81, 82], which is using two layers of NWs arrays as FETs to implement logic
functions with advantages of great density and low energy consumption. The main
challenge step for the development of multi-NWs FETs and complex architecture is to
enable multi-NWs aligned on the same substrate, implement a rapid fabrication of
contacts. NWs in this case would have identical orientation and functional properties that
can fulfill the need for crossed NWs array devices or NASICs. As one of the discussed
topic, controlled orientation of III-V NWs is presented in chapter 4.
Additionally, the mechanical properties and chemical properties of NWs have
also been used to demonstrate for numerous novel devices using as mass sensors, power
generators, molecular sensors and sensitive gases sensors [83-85].

1.3.4 Indium Antimonide (InSb) Nanowires
III-V compound semiconductor NWs exhibit many interesting electrical and
optical properties that make them as good candidates for NW applications in several
fields owing to the direct bandgap and high carrier mobility. Among the III-V
semiconductors, Indium Antimonide (InSb) is one of the most attractive nanobuilding
blocks materials for high-speed and low-power electronics [86] and thermal-electric (TE)
devices [87] owing to its high bulk electron mobility (77000 cm2 V-1 s-1 at 300k),
narrow direct band gap (0.17 eV at 300k), large Bohr exciton radius and small effective
mass [33]. These unique properties make InSb not only an ideal candidate for nano-
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applications but also the fundamental study, i.e. the quantum confinement effect in NWs.
Table 1.1 summarizes the properties of InSb [88].

Table 1.1 Properties of Indium Antimonide (InSb)
Crystal structure

Zinc Blende

Lattice constant

6.479 A

Effective electron mass

0.014mo

Effective hole masses mh

0.43mo

Effective hole masses mlp

0.015mo

Electron affinity

4.59 eV

Energy gap

0.17 eV

Intrinsic carrier concentration

2·
1016 cm-3

Intrinsic resistivity

4·
10-3 Ω·cm

Mobility electrons

≤7.7·104 cm2 V-1 s-1

Mobility holes

≤850 cm2 V-1 s-1

Electron drift saturation velocity

~5·
107 cm·
s-1
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1.4 Synthesis of Nanowires
One of the critical steps towards to the emerging NWs applications is to have
them grown with controlled morphology and other characteristics that are associated with
functional properties, meeting the demands of future electronics and technology.

1.4.1 Top-down and Bottom-up Approaches
There are two main philosophical ways to produce small features, referred as
“top-down” and “bottom- up” approaches [89]. In the top-down approach, small features
with desired shape, such as 2D nanostructure and 1D NWs, are patterned in bulk
materials by using the combination of traditional fabrication facilities, like deposition,
lithography, etching and milling[90]. These techniques usually enable the shaped features
with almost the identically chemical and functional properties and it is beneficial for the
development of large-scale micro-fabrication and microelectronic devices. However, topdown approach highly relies on the performance and resolution associated with the
traditional fabrication facilities while the improvements of those to meet the demands of
future technology, exponentially increase the cost, as the scientific challenges are also
another consideration. Therefore, new strategies meeting the demands for future
nanoscale device structures are strongly expected and motivated.
With the objective of overcoming the limits of the current fabrication technology,
especially the lithography processes, a promising bottom-up method jumps into our
vision, whose concept is that atoms have the ability to organize themselves under certain
conditions, resulting in the self-assembly of functional structures forming the well
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defined nanoscale building blocks. This powerful method allows growing nanostructures
with attractive functional properties from the very first step of material synthesis in
nanoscale and subsequently assembly as functional blocks. It is an entire new concept
that we can combine chemically or physically distinct nanoscale building blocks together
due to the nature of self-assembly, but could not succeed by traditional top-down
approach. Most importantly, its high reproducibility and low-expense merits are the
desires of the future applications and economy considerations [91].
One of the most necessary and challenging steps to enable the bottom- up
approach for meeting the requirements of devices physics and large scale integration, is
the precisely controlled and tunable chemical and/or physical properties of the nanoscale
building blocks, which is strongly correlated with the growth of nanostructures.
Associated with this dissertation and the main motivation is to achieve control growth of
III-V NWs, a class of promising materials for future high-speed electronics and
optoelectronics, including tunable chemical composition, structure, size and morphology,
since these characteristics determine their corresponding properties and consequently the
performance of devices.

1.4.2 Epitaxy Growth
Epitaxy growth is one of the most essential techniques currently widely applying
in semiconductor FAB to fabricate various thin film based electronic and optoelectronic
devices. It describes the ordered growth of one crystalline material (usually in thin film
format in industry) on top of another crystalline substrate. The structure and orientation
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of the substrate will highly influence the quality of the as- grown materials, such as the
growth rate, orientation, surface uniformity, purity and strain level, as the atomic
arrangements of the grown materials accept crystallographic structure of the substrate.
Accordingly, quality, performance, yield and lifetime cycle of the modern devices, which
comprise of many layers of grown materials with various compositions, strongly rely on
the materials fabrication methods, as it relates to number of factors affecting the quality
of materials, such as surface energy between the substrate and the grown materials, even
with previous grown materials, lattice mismatch between materials, as well as other
growth parameters (temperature, pressure, flo w rate, etc.) [92]. We will use the term as
“homoepitaxy” refers to the growth of materials on the like substrate (the material as
itself), and “heteroepitaxy” refers to the growth on a different material substrate. Since
epitaxy growth methods are widely accepted in the state-of-the-art fabrication process for
the growth of semiconductor materials, the growth of NWs have also been extensively
studied using these methods and concepts.
Liquid-Phase-Epitaxy (LPE) is the oldest techniques available for the growth of
semiconductor materials and is used for much of the early research on III/V and II/VI
semiconductors. Both production of high purity materials and simplicity of apparatus
setup make LPE welcome in the early research stage and laboratory application. The
problems with LPE are the ultimately limits of flexibility in the commercial production of
elaborate modern devices structure and the difficulty of the alloys containing Al and
Indium, though its simplicity is very attractive for laboratory applications.
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Molecular-Beam- Epitaxy (MBE) is the main technique that is responsible for the
revolution in device physics when use of superlattice structures and it takes place in high
vacuum or ultra-high vacuum environment. It allows the growth material in the form of
elemental beams that direct deposit on the growth interface with slow growth rate,
meeting the requirement of sharply abrupt interface. For several years, MBE is the only
technique that can produce perfectly abrupt interfaces. However, the slow growth rate
leading to the low throughout and the high cost of apparatus for the Ultra-High- Vacuum
(UHC) requirement make MBE limit for commercial applications.
Vapor-Phase-Epitaxy (VPE) involves precipitation of materials from a
supersaturated vapor phase, including pure element materials or chemicals for the desired
substance. This technique has played a major role in the development of III/V
semiconductors and the most common one for the fabrication of nanostructures and
semiconductor due to its versatility.
Metal-Organic-Vapor-Phase-Epitaxy (MOVPE) that can be distinguished from
the name, is a subset of VPE technique, currently dominates the growth of III/V
semiconductors not only in the application fields of optoelectronics (i.e. LEDs) but also
the fundamental research and development of nanostructures in the laboratory [93]. It
uses a gas distribution system (i.e. bubblers) for mixing chemicals, which at least one
chemical is metal-organic species, with high purity carrier gas as precursors. The
precursors are fed into a reactor chamber and can be accurately controlled by growth
parameters. The MOVPE has the advantages such as uniformity on the substrate, large
scale growth, and high growth rate, especially the flexibility and high throughout for the
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growth of III/V semiconductors. As a result, a number of commercial MOVPE facilities
are used for the production of III/V materials-based electronics such as LEDs and other
optoelectronics [94-96]. Nevertheless, the need of expensive reactant and the large
number parameters needed to precisely control are the major problems for MOVPE.
Chemical-Beam-Epitaxy (CBE) is a hybrid technique combining MOVPE and
MBE [97]. The quality of materials from CBE is comparable with MOVPE and MBE,
but the absence of large scale reactor for the applications probably relegate CBE as a
research tool rather than production technique. A summary of mentioned epitaxy
techniques is shown in Table 1.2 [98].
Table 1.2 Overview of epitaxy techniques
Techniques
LPE
MBE

MOVPE

CBE

Strengths

Weakness
Scale economics
Inflexible
As/P/Sb alloys difficult
N materials difficult
“Oval” defects
Low throughout
Expensive (capital)
Expensive reactants
Most parameters to control accurately
Hazardous precursors

Simple
High purity
Simple process
Uniform
Abrupt interface
In-situ monitoring
Most flexible
Abrupt interfaces
High purity
Simple reactor
Robust process
Uniform
Large scale
High growth rates
Selective growth
In-situ monitoring
Uniform
Abrupt interface
Direct control of fluxes
Selective growth
In-situ monitoring

Low throughout
No Large scale reactors
Expensive (capital)
Expensive reactants
N materials difficult
Hazardous precursors
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1.4.2.1 Fundamentals of Chemical Vapor Deposition
To the points of ultimately achieve the controlled growth of NWs, we need a
versatile, robust and high productivity but low cost setup for experimental investigation
of the growth parameters effects on the NW growth. Chemical Vapor Deposition (CVD)
is the most general term describing the growth process used to produce high purity and
high performance materials. In a typical CVD process, the target substrate is exposed to
one or more volatile precursors that will react to each other and/or decompose on the
target substrate, consequently desired materials is deposited on the substrate and the byproducts are removed by continuous inlet carrier gases [99]. Following this concept, a
simple closed tube CVD setup is mainly used for the experiments of the growth of InSb
NWs in this dissertation. More details will be discussed in the following chapters. Briefly,
a hot wall furnace with quartz tube is used as the reaction chamber (Figure 1.4). Taking
the growth of InSb NWs for an example, which is the concerned material in this
dissertation, certain amount of InSb powder is placed in the hot temperature region when
the furnace is heated up. The molten powder source is evaporated if the heating
temperature is above its melting point. Following with the inert carrier gases, the
concentrated precursors are delivered to the low temperature region where we place the
growth substrates. Mass and temperature gradient are consequently created on top of the
growth substrate, as well as along the tube, resulting in the deposition of desired
composition materials with controllable growth parameters (growth temperature, flow
rate, powder source, etc.)
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This setup is inexpensive and robust compared with other commercial facilities,
and it is suitable for the purpose of this dissertation. In addition, it shares the
fundamentals and physics, like thermodynamics and kinetics of other CVD processes,
which will enable the understanding of the growth mechanism of NWs from others to this
process [100]. Also, the findings of this dissertation can be accordingly applied to other
CVD processes and provide useful information about the III-V materials growth and
eventually achieve the control growth.

Figure 1.4 Schematic of typical Chemical Vapor Deposition (CVD) setup.

1.4.2.2 Growth Modes
The epitaxy growth depends on various growth parameters affected fundamental
processes, which can be roughly divided into thermodynamics and kinetics. In terms of
the process describing the growth of materials on the substrate, there are three classical
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growth modes responsible for the epitaxial growth of materials: (a) Frank- van der Merwe
(FV) mode, (b) Volmer-Weber (VW) mode and (c) Stranski-Krastonov (SK) mode [99,
101]. The grow mode is used to describe the nucleation and growth process on the
substrate. There is a direct relationship between the growth mode and the materials
morphology forming on the substrate. It can be understood by the kinetics of growth
species transport and diffusion on the growth substrate, and different atomistic process,
including thin film deposition, atoms diffusion on terraces, crystal islands nucleation, etc
[92, 99, 100]. By understanding the fundamental processes, we can translate the concepts
of growing the traditional thin film process to the formation of NWs. The most origin
concept of growing NWs on the substrate is from the idea that how to suppress the flat
thin film growth but promote the selective growth of islands (1D nucleation). For
example, if we want conformal thin film, such islands nucleation (1D) needs to be
avoided. In the case of NW application, we are desired to suppress the thin film growth
and promote the 1D NW growth rate (Figure 1.6).

Figure 1.5 Three classical growth modes: (a) Frank-van der Merwe (FV) mode, (b)
Volmer-Weber (VW) mode and (c) Stranski-Krastonov (SK) mode.
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FV growth mode, also named as layer-by- layer growth, leads a new layer
nucleated only after the completed growth of the previous layer below, due to the strong
adatoms-surface interaction; adatoms attach preferentially to surface, consequently
resulting in fully formed thin film layer one after another.
VW mode is the case that adatoms-adatoms interaction is stronger than those of
the adatoms with the surface, resulting in the preference of formation of crystal islands.
Then the crystal islands along with coarsening will cause a rough layer films grown on
the surface.
SK growth is an intermediate mode between the SK mode and VW mode, which
both 2D layer and 3D islands would form. The transition from layer formation to island
formation occurs at the critical layer thickness that highly depends on the properties of
materials such as surface energy and lattice mismatch constants. A chemical energy
criterion for a film growth mode is depending on the formula of

[102],

VW growth:

<0 (adatoms cohesive force is stronger than surface adhesive force)

FM growth:

> 0 (surface adhesive force is stronger than adatoms cohesive force)

Meanwhile, a thermodynamics criterion for layer growth can be obtained using a
balance of surface tensions and contact angle [103],

Δσ=σa+σi-σs

(1.1)
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where σ s is the free energy of the bare substrate, σ a is the adsorbate surface energy
and σi is adsorbate-surface interface energy. If difference (Δσ) is negative, layer growth is
preferred since the chemical potential for layer adsorption is negative. Otherwise, a
positive difference results in the island growth is favored, due to the chemical potential
will increase as the increase of the adsorbed atoms on the substrate [101].

Figure 1.6 Schematic diagrams of traditional thin film growth and catalysts-assisted NW
growth

1.4.2.3 Deposition Principle and Kinetics
In CVD process, growth species are delivered in the vapor phase under the form
of organic or inorganic molecules and over the hot semiconductor substrate. The heat
would break up the molecules that would latterly deposit on the substrate. The general
process includes 1) the supply of the growth species in the format of vapor phase 2)
supply of energy used in cracking the molecules and 3) the deposition on the surface.
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Figure 1.7 Schematic diagram of chemical potential along the growth substrate.

Figure 1.8 Temperature dependent growth rate under different limited modes[104].
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Growing materials by CVD prefers a laminar flow of precursors because if the
boundary layer can be minimized, that would help better mass distribution and diffusion
over/along the substrate (Figure 1.7). Furthermore, the CVD process is mainly limited by
vapor phase transport rates and surface reaction rates which is illustrated in Figure 1.8
[104]. If the growth substrate is at a sufficiently high temperature, the reaction process on
the substrate is more rapidly compared with the reactant gases delivered to the growth
substrate. In this case, it is in a mass transport limited mode and the growth rate will
mainly rely on the supplied gas flow rate, which means that more supply of precursor, the
higher growth rate of the materials obtained. If in the surface reaction control mode,
which indicates that the growth rate mainly depends on the reaction rate on the surface,
the higher temperature would allow higher reaction rate among the growth species,
consequently for a higher growth rate. If the temperature is increased to a critical high
level, the grown materials as well as the reactants, may start to desorption which will
reduce the growth rate, shown as in the chemical regime in Figure 1.8.
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1.4.2.4 Growth Mechanis ms of Nanowires by Che mical Vapor Deposition

Figure 1.9 Pseudo Gold-Indium phase diagram.

The rational synthesis of NWs is a critical work for meeting the needs of future
devices and technology. Numerous methods have been developed to synthesize NWs
with control over the crystal structural, chemical, and physical properties. There are two
main categories of NW growth: template- guided and free-standing. Template- guided
growth of NWs is using templates to confine the NW growth direction and morphology
[104, 105]. The pre-patterned templates can be defined by traditional lithography on a
hard format (i.e. patterned v-groove substrate) or etching in a soft format like polymer
template. In general, template-guided method is a combination of top-down and bottomup approaches, as the pre-pattered templates are usually defined by lithography technique
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and limited by the resolution of lithography facilities, though the NW growth is applying
the concept of NW self-assembly as bottom- up approach.
The free-standing method describes the NW are epitaxially grown outwards from
the nucleation sites on a variety of substrates using the concept of bottom- up approach.
The formation of NWs in this method is due to the relative growth rates of the differe nt
dimensions. In 1964, a proposed Vapor-Liquid-Solid (VLS) mechanism is demonstrated
that contribute to the growth of NWs, which is using foreign catalysts (usually Au) as
growth mediate [106]. The presence of the foreign catalysts do not directly participate
into the NW growth but serving as a role that increases the growth rate in one dimension
and suppresses that of other dimensions by appropriately choosing the growth conditions.
The catalyst-assisted growth of NWs has been widely studied for different materials
systems including elemental group IV [76, 107], II-VI [85, 108] and III-V [109-111]. The
epitaxy methods mentioned in 1.4 are the major facilities responsible for this type of NW
growth. The process is known as metal particle assisted epitaxial growth and tremendous
reports have been published, especially for the promising III-V system.
To understand the process of VLS mechanism, the fundamentals are illustrated as
the following. Figure 1.9 is a pseudo-phase diagram of gold- indium, which is used as an
example that illustrates the fundamental process. Figure 1.11 is schematics of the process
of NW growth corresponding to the stages in Figure 1.9, for a better illustration. At stage
1, Au catalysts are deposited on the growth substrate followed by a heat up of the
substrate. Catalytic particles comprising of gold and indium as alloys are formed on the
substrate. Due to the catalytic particles acting as energy traps, the growth species are
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more prefer to lodge onto these spots. The composition of Indium in the catalytic
particles will be increased as more Indium atoms impinge into the catalytic particles and
the catalytic particles turn into the stage 2 in the phase diagram. Higher amount of
Indium in the catalytic particles make them in a supersaturated state, but this state is
intermediate and unstable. Any vibration of the system, such as temperature, flow and
substrate effect will break the equilibrium, at which point, the Indium atoms start
saturating out of the catalytic particles and precipitate under the catalytic particles as
solid format, which is the formation of NWs. Figure 1.10 is an illustration of the growth
species kinetics in NWs grown via VLS mechanism.

Figure 1.10 Growth species kinetics through catalytic particles via traditional VLS
mechanism, including a) mass transport from vapor, b) growth species direct
impingement, c) diffusion in the liquid phase and d) incorporation of the material

Though VLS mechanism is widely accepted for the growth of NWs, other growth
mechanisms, including the VSS mechanism, adatoms-diffusion mode, oxide-assisted
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growth mechanism, have been recently proposed in order to explain some phenomenon
that could not be understood by VLS [112], especially for III-V compound
semiconductor. These studies rich the understanding of the responsible growth
mechanism for NWs and make the controlled growth of NWs more possible. Though a
lot of efforts have been made on this topic, there is still no clear agreement of the
responsible ones for the growth. This dissertation is serving a purpose of investigating the
InSb NWs and providing information for the III-V growth mechanism.

Figure 1.11 Schematic illustrations of NW growth at different stages.
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1.4.3 Template-guided Method
Template- guided method is a convenient and versatile approach for growing the
1D nanostructure. Here, we discuss a solution based electrochemical deposition for the
growth of InSb NWs, which is used for the studies of improving NW-FETs contacts
quality discussed in chapter 5. In electrochemical deposition of NWs, anodic alumina
membranes (AAMs) containing uniform and parallel porous structure are used as
template to guide the NW growth. NW diameter is defined by the size of the pores with
the range of sub-10nm to hundreds of nanometers while the NW length can be up to
micron- meter. Figure 1.12 shows a schematic of the electrochemical deposition system
where the deposition of NWs takes place. The system comprise of three-electrodes,
including a working electrode, a counter electrode and a reference electrode.

27

Figure 1.12 Schematic diagram of electrochemical deposition for NW fabrication. When
the constant voltage or current is applied to the system, the electrolyte is ionized. The
positive ions will move towards the working electrode where the reduction process takes
place. NWs are fabricated during the reduction process.
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Figure 1.13 Process flow diagram of template-guided synthesis. a) porous anodic
alumina template. b) gold layer deposited on one side of the membra ne. c) nanowires
grown inside the template. d) AAM template etched in a base solution. e) Au layer etched,
freeing nanowires.
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Figure 1.13 shows the detailed process flow diagram of template-based synthesis
of NWs. Take InSb NWs for an example, a blank porous AAM membrane is used as the
template. A contact layer of Au about 200nm is firstly sputtered onto the bottom side of
the membrane. The deposition is carried out in the typical electrochemical cell. A
platinum electrode is used as the counter electrode, Ag/AgCl type electrode as reference
electrode and the AAM membranes with Au contact is used as working electrode. There
is a constant voltage or current applied on the system, resulting in the redox reactions on
both the working electrode and counter electrode. More specifically, the electrolyte is
ionized. The positive ions will move towards the working electrode where the reduction
process takes place. NWs are fabricated during the reduction process :

2In3+ + 2Sb3+ + 6e- → 2InSb

After the deposition, AAMs are removed by chemical etching using 3M NaOH
solution and the back contact of Au is removed by Au etching solution. NWs will be
released in the solution followed by rinse with IPA and DI water. However, because of
usage of the wet etching and NWs deposited within the solution based electrolyte,
impurities and contaminations are easily introduced into the growth, which make the
quality of NWs could not be guaranteed by using this method.
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1.5 Thesis Outline
The substantial understanding of the NW growth mechanism and the capability of
control over the NW morphology, growth direction and composition are essential for
future NW applications and technology development. This dissertation focuses on
investigating the growth of InSb Nanowires by CVD process as well as studying the
potential applications in nanoelectronics, such as NW-FET. Our findings provide an indepth understanding of III-V NW growth by CVD and the first basis for further
investigations on how to achieve controlled growth of NW arrays.
In chapter 2, InSb NWs have been heteroepitaxially grown on InAs (100) substrates
by CVD. It is found that NWs have two features which are shorter and larger in diameter
and longer but thinner NWs under the same growth condition. It is an important first step
to understand the growth kinetics during the CVD growth, indicating the adatoms on the
substrate play an important role during the formation of NWs. Growth temperature is
then found to affect the morphology and growth rate of NWs, which further illustrates the
role of adatoms in the growth. NW-FETs have been fabricated using the as grown NWs
to study the electrical properties of NWs.
In chapter 3, we discuss several aspects of the InSb NWs grown on the InSb (100)
substrates by CVD. Potential thermodynamics and atoms kinetic processes, which are the
keys to understand the growth mechanism of InSb NWs, have been discussed from
various sets of experiments by tuning the growth parameters. In particular, the effects of
growth temperature and powder source amount on the InSb morphology are studied as
well as the substrate edge effect. Growth duration is also an important growth parameter
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to understand the growth process of NWs. After analyzing the results, potential growth
mechanisms will be discussed and more lights on the controlled growth of NWs will be
shed.
The studies on the NW alignment begin with chapter 4, which demonstrate the
possibility of NW arrays aligned on the substrates using ex-situ and in-situ approaches.
First, the growth direction of InSb NWs by CVD has been found significantly affected by
growth temperature history. The kinking morphology NWs have been discovered due to
the NW annealing process leading the various contact angles. By further controlling the
temperature profile, the in-situ planar grown NWs are observed. Potential mechanism and
the concept for the preparation of large area assembly NWs arrays developed for future
applications have been discussed. Ex-situ aligned NWs using contact printing method has
been investigated. InSb NWs were firstly grown on the InSb substrate, and then the NWs
grown substrate slides on top of the acceptor substrate. With certain functionalizations
and controlled parameters, NWs are shown with aligned on the substrate. These findings
provide the possibility of control of the direction of NWs and further applying into the
cross bar NWs arrays devices and NASICs.
Chapter 5 demonstrates the synthesis of InSb NWs by electrochemical deposition
and the optimization of metal contacts on the as-grown InSb NW-FETs. After certain
annealing process and using FIB for deposition of contacts, ohmic contact NW-metal
contacts has been shown. NW resistivity and contact resistance is derived from a four
point measurements. The findings are meaningful when improve the performance of
electrical applications and apply the NW arrays into the practical devices.
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Chapter 2 Au-assisted Hetero-epitaxial Growth of InSb Nanowires on Lattice
Mismatched InAs Substrates by Chemical Vapor Deposition

Abstract
In this chapter, we report the Au-assisted growth of InSb nanowires (NWs)
directly on lattice mismatched (~7%) InAs (100) substrates by chemical vapor deposition
(CVD). The influences of NW diameter and growth temperature on the NW growth rate
and morphology are investigated and discussed. The results reveal that the NW growth is
limited by growth species direct impingement and surface adatoms diffusion. NWs are
investigated by TEM, showing <110> growth direction with zincblende crystal structure.
Electrical property of NWs is characterized by a single nanowire field effect transistor
(NW-FET), suggesting n-type conduction nature. The obtained results advance the
understanding of fundamental III-V semiconductor NWs growth behaviors, and provide
useful information for novel device applications by integrating InSb on other III-V
material substrates.
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2.1 Introduction
Recently, III-V semiconductor nanowires (NWs) have attracted many interests
due to their intriguing physical properties for a wide range of applications in nanoelectronics and nano-optoelectronics [19, 113, 114]. Conventional and wide band gap IIIV materials (i.e. GaAs, GaP, InAs, InP and nitrides NWs) have been intensively studied.
In contrast, there is limited report on the growth of group III-antimonides [115], which
have been recognized as important materials for mid-wave and long-wave infrared (IR)
detection applications attributed to their small band gaps. In particular, indium
antimonide (InSb) is one of the most attractive nano-building blocks materials for highspeed and low-power electronics [86] and thermal-electric (TE) devices [87] owing to its
high bulk electron mobility (77000 cm2 V-1 s-1 at 300k), narrow direct band gap (0.17
eV at 300k), large Bohr exciton radius and small effective mass [33]. These unique
properties make InSb not only an ideal candidate for nano-applications but also the
fundamental study, i.e. the quantum confinement effects in NWs. Synthesis of
heteroepitaxial NW arrays on single crystalline substrates plays an essential role for
integrating NWs into future device applications. It has been reported that high quality
InSb layers can be grown on lattice mismatched InP substrate without degrading its high
electron mobility [116]. Growing small one-dimensional NWs on substrate can reduce
the misfit dislocation defect at the material-substrate interface, even on highly lattice
mismatched substrates [117]. With the purpose of developing its compatibility of
integration with devices on other typical semiconductors system (lattice mismatch: 19%
with Si, 15% with GaAs, 10% with InP, and 7% with InAs), the investigation of InSb
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NWs grown on highly lattice mismatched substrates is necessary. Despite of all these
advantages, only a limited amount of literatures have been reported on the heteroepitaxial
growth of InSb NWs.
Within these works, InSb NWs grown on top of pre- grown InAs stems and
directly on InAs substrates are demonstrated using MOVPE and CBE [118-121].
However, there is still no report on the Au-assisted growth of InSb NWs directly on InAs
substrates by Chemical Vapor Deposition (CVD), which is a versatile and inexpensive
approach for NW growth with high productivity [122]. Direct impingement and surface
adatoms diffusion play important roles in the growth of III-V NWs, especially for
indium-based compound semiconductors [111, 123-125] .
In this paper, the Au-assisted heteroepitaxial growth of InSb NWs on InAs (100)
substrates by CVD is reported. The characterizations of the NWs grown at various
conditions are conducted by SEM, TEM and XRD. The NW growth rate and morphology
are found to be affected by the NW diameter and growth temperature. We also study the
current- voltage (I-V) characteristics of the as- grown NWs from a single NW field-effect
transistor (NW-FET). By analyzing these dependences, we gain more understanding on
the InSb NWs growth behaviors by CVD.

2.2 Experime ntal Methods
InSb NWs synthesis: The InSb NWs were synthesized on InAs (100) substrates
inside a horizontal quartz tube furnace by CVD [126]. Prior to the growth, the native
oxide on the substrates was removed by using chemical etching in HCl: H 2 O (1:10),
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followed by rinse with deionized (DI) water, acetone and isopropanol (IPA). Substrates
were dried by blowing Argon (Ar) gas. Au catalysts were generated either by the
annealing of Au thin film or direct deposit of commercial colloidal nanoparticles (Ted
Pella Inc.; 20nm), depending on the need of experiments. In the case of using Au
colloidal particles, solutions of 20nm colloids were diluted with isopropanol (IPA) to the
concentration of 104 -106 particles/ml. To achieve more uniform spread on substrate and
minimize the effect of interactions among them, the diluted solution droplet was spincoated onto the substrates (5mm x 5mm). Particles from thin film were originally
obtained by electron-beam evaporation (Temescal BJD-1800) of a gold thin film (1 nm
thick) directly onto the InAs substrate. The thin film decorated substrate was then placed
into the furnace for annealing at 420°C for 10 min under Ar environment. After that, Au
thin film was split up into different size particles. InSb powder (Alfa Aesar, 99.99%) as
source material was then placed at the upstream position. The amount of powder and the
position it placed will determine the precursor concentration. H2 and Ar gases (1:1) with
flow rates of 100 sccm were firstly introduced into the reactor chamber for 30 min as the
cleaning purpose. The furnace temperature was then raised to 570°C (measured at the
central position of the tube). The Au-catalyzed substrates were at a temperature range of
350°C ~500°C while the InSb powder was at 570°C. The growth procedure lasted from
45min to 60min. Once the growth procedure was over, the furnace was cooled down to
the ambient temperature immediately.
Characterizations: The growth substrates were taken out when the cooling step
finished. The NWs were analyzed by means of X-ray diffraction (XRD), scanning
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electron microscopy (SEM) LEO 1550, and transmission electron microscopy (TEM)
CM-300 equipped with an energy-dispersive X-ray spectroscopy (EDX) module. For
TEM analysis, the growth substrates with NWs were sonicated in an IPA solution,
followed by deposition of the NW solution onto a TEM copper grid.
Nanowire FET and Electrical Properties: To study the electrical properties of the
InSb NWs, a single NW-FET device was fabricated and characterized. The suspens ion of
InSb NWs was drop-cast deposited on a heavily doped p-Si substrate with 300 nm
thermally grown silicon oxide (SiO 2 ), on which alignment marks had been fabricated.
The heavily doped p-Si substrate is used as a global back gate, while the SiO 2 is used as
the gate insulator. After the dispersed NWs solution had dried, SEM imaging of
individual NWs was used to determine their location relative to the alignment marks.
Source and drain electrodes to InSb NWs were fabricated using electron-beam
lithography (EBL) to define the contact areas. A bi- layer of (MMA-MAA) and PMMA
positive tone e-beam resists were used to facilitate the lift-off process. After e-beam
exposure and developing the sample was exposed to mild O 2 plasma to remove any
residual resist. The sample was then submerged in ~24% (NH4 )2 S solution in order to
remove any native oxides and passivate the InSb nanowire surface. Metal deposition by
electron-beam evaporation of 40 nm Ni followed by 80 nm Au, was carried out using an
e-beam evaporator. The relatively small size of Ni metal grains allows for the fabrication
of good ohmic contacts to small diameter nanowires. The average separation between
metal electrodes was about 1µm, while the typical NW diameter was ~20 nm. A brief
electric characterization result was presented.
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2.3 Results and Discussions
The InSb NWs grown on the InAs substrate with different size catalysts (the
product of annealing of Au thin film) were first characterized using SEM and XRD.

Figure 2.1 (a) The SEM image of Au nanoparticles dispersed on the substrate after
annealing of Au thin film. The inset is the histogram of nanoparticle size distribution,
ranging from 10-200nm. (b) Top view SEM image of InSb NWs grown at 430°C for
45min. The inset is higher magnification SEM image. The scale bar is 1µm. (c) Crosssection SEM view of the InSb NWs on substrate. Larger but shorter NWs are circled and
smaller but longer NWs are pointed out by white arrows (d) XRD pattern showing the
InSb NWs grown on the InAs substrate.
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Figure 2.1a is a SEM image of Au particles dispersed on the substrate after
annealing of Au thin film. The diameters are in a range of 10nm-200nm. Figure 2.1b
shows a typical top view SEM image of the high density NWs grown on the substrate at
430°C for 45min. The corresponding cross-section view of the sample is shown in Figure
2.1c. The diameters of the NWs are in a range of sub 10-100nm and the lengths are from
1µm to 3 µm. It is noted that there are two typical NW features co-exist: shorter NWs
with larger diameter and longer straight NWs with smaller diameter. Both of them have
round shape catalytic particles on top, which is a characteristic of Vapor-Liquid-Solid
(VLS) mechanism [106]. The smaller NWs with average 60nm in diameter and 2.5 µm in
length are growing faster than those with larger diameters (average 100nm in diameter
and 1 µm in length). The trend of decreasing growth rate with increasing diameter is
comparable with other III-V NWs results [109, 125, 127-129]. This observation indicates
that direct impingement and surface diffusion of growth species may be contributing to
the growth of NWs, while Gibbs-Thomson (GT) effect may not play a significant role
[109, 130]. Though GT effect was reported to limit the growth [131], the difference
might be caused by directly growing the NWs on the lattice mismatched substrate or on
the pre- grown stems. The amount of group V (As and Sb) elements probably affect the
group III (In) surface diffusion [121, 124].
The typical XRD pattern of InSb NWs grown on InAs (100) substrate is shown in
Figure 2.1d. Besides of the peaks from the substrate, the diffraction peaks can be indexed
as (111), (220), (311), (400) and (333) planes of a cubic zincblende structured InSb
(AMCSD: a=6.48Å). It should be noted that there are also diffraction peaks indicating for
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AuIn2 , which would be the product of Au-In catalytic particles sitting on top of the NWs.
The observation of AuIn2 is consistent with other Au-assisted indium-based material
reports [101, 120, 131].

Figure 2.2 SEM images of InSb NWs grown on InAs (100) substrate at (a) 350°C (b)
420°C, (c) 440, (d) 460°C, (e) 480°C and (f) 500°C. Higher maginification SEM images
of typical NWs on substrates are shown as insets in figures (c) and (e). The scale bar is
200nm.
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It needs to mention that V/III ratio and space between NWs are also key factors
affecting the growth rate and morphology of NWs. Attributed to the setup of our
experiment, V/III ratio is fixed by controlling the amount of powder source. To minimize
the NW diameter and density effects, only 20nm Au catalysts are used in the following
experiments with appropriate experimental steps.
To investigate the influence of growth temperature, InSb NWs are grown at
temperatures ranging from 350°C to 500°C for 60 min (Figure 2.2). There is almost no
NWs being observed at 350°C and 500°C (Figure 2.2a and f). This is probably owing to
the unfavored V/III ratio for NW growth at these temperatures, forming 2-D layer or
micron-crystals instead. In addition, Au-In alloy may start to form at ~400°C [129] and
cause the difficulty for NW growth at low temperature. NWs start to grow at temperature
420°C, whose diameter is in average of 25nm and 1.5 µm in length (Figure 2.2b). The
average length of NWs increases to 3 µm with a decrease of an average diameter (10nm)
at 440°C (Figure 2.2c). The diameter smaller than the original catalyst is because of the
higher diffusion rate of growth species (indium) to form several nucleated site from one
catalyst at higher temperature [126]. However, further increasing the growth temperature
to 460°C (Figure 2.2d), two typical features are found on the substrate: pyramidal
structure and high aspect ratio NW structure. This is similar to what is reported by Caroff
et. al [121] , whose InSb NWs were also directly grown on InAs substrate by MOCVD.
More pyramidal structures are observed at 480°C (Figure 2.2e). The higher magnification
titled SEM image in Figure 2.2e shows more clear morphology of the pyramidal structure.
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The typical trend of NW length and density versus growth temperature are shown
in Figure 2.3. To evaluate the NW length, an average of 50 wires is counted for each
sample from SEM. The yield of the NW density on substrate is defined by ρ=n/m*100%,
where n is the number of the NWs and m is the total number of products within the
measured area on the substrate (5µm x 5µm). Here, we only count those nanostructures
whose ratio of top diameter to base diameter larger than 0.8 as NWs. Micron-crystals,
pyramidal structures and un-nucleated Au catalytic particles will be considered as other
products. From 350°C to 440°C, the increase of NW length and density may be attributed
to the lowered energy barrier within the Au-In catalytic particles and increased indium
adatoms diffusion ability with elevated temperature [110].

Figure 2.3 (a) NW length and (b) the density of NWs on substrate yield as a function of
growth temperature.
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Figure 2.4 (a) Typical TEM and (b) HRTEM images of 30 nm InSb NWs. The inset in (b)
is Fast Fourier Transform (FFT) of the TEM image showing the (220) planes of InSb
zincblende structure. The oxidation layer was shown. (c) HRTEM of a 10 nm NW. The
while lines show the measured d-spacing of 3.8Å, indicating {111} planes. An angle of
~36°between the growth direction and <111>, confirms the <110> growth direction of
NW. (d) and (e) Respective EDX measurements taken from the part of P and Q framed in
(a), respectively. „*‟ is mostly likely the artifact portion during the sample preparation.
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The lower energy barrier will enhance the precipitation rate from the direct
impingement of growth species. At the same time, larger amount of adatoms surface
diffusion also incorporates the growth, leading a higher growth rate. After 440°C, the
decrease of both NW length and density with elevated temperature could be explained as
the competition of axial and radial growths. It has been reported that Vapor-Solid (VS)
mechanism is severe at higher temperature, which increases the radial growth on the
substrate in terms of parasitic thin film and micron-crystals [118, 125, 129]. The microncrystals might act as the barrier to trap the indium adatoms, which decreases the axial
growth [110] and further increases the 2D thin film growth. As a result, the indium
diffusion length may decrease with increasing temperature on InAs substrate [124, 127],
causing less materials can be collected. Therefore, the results indicate that VS growth is
more pronounced at high temperature.
Figure 2.4a and b are typical TEM and HRTEM images of 30nm InSb NWs
grown from the sample as shown in Figure 2.2c.The catalytic particle is seen on top of
the NW. The corresponding EDX measurement of the catalytic particle is shown in
Figure 2.4d while EDX measurement of the NW body is shown in Figure 2.4e. The
profiles confirm the In and Sb portions in the NW body, and Au portion is in addition to
the catalytic particle. An unexpected layer around the NW is probably an oxide layer due
to the post-growth procedure. The O element portion is reflected in EDX pattern. The
corresponding FFT pattern of the NW body inserted in Figure 2.4b reveals the regular
zincblende crystal structure for InSb, indicating <110> growth direction as well. The
lattice fringe spacing of 3.8Å of a 10 nm NW is shown in Figure 2.4c, suggesting {111}
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planes of InSb. The normal direction of the lattice fringe is at ~36°with respect to the
growth direction of the NW, which is one of the plane angles between {111} and {110}.
This confirms the <110> growth direction of the NWs.

Figure 2.5 (a) Schematic representation and (b) SEM image of back gate InSb NW-FET.
I-V characteristics of InSb back-gate NWFET with corresponding (c) source–drain
current vs. voltage (I d–Vds) curves, and (d) source–drain current vs. gate voltage (I d–Vg).

Figure 2.5 shows that the I–V characteristics of InSb (NW-FET), such as sourcedrain current vs. source–drain voltage and source-drain current vs. gate-source voltage,
were obtained at room temperature using Agilent 4155C semiconductor parameter
45

analyzer. Mobility is determined from transconductance of InSb NWFET (g=dI sd /dVgs)
and is given by
(2.1)
where µ is the carrier mobility, L is the channel length, C is the gate capacitance, I sd is the
source-drain, and Vgs is the gate-source voltage [132].The capacitance for back gate
NWFET can be expressed as the following equation:

(2.2)

where

r 0

is dielectric constant, t is the thickness of the SiO 2 dielectric, L is the channel

length, and r is radius of NW. A value of 2.2 was used for

r

as an effective dielectric

constant to account for the nanowires not being embedded in the SiO 2 insulator material
[133]. The average separation between metal electrodes (effective channel length) was
~1μm, while NW diameter was about 20 nm. Id–Vds characteristics of the device,
measured at room temperature (Figure 2.5b), exhibits linear behavior indicating good
ohmic metal contacts. An average device resistance of

40 kΩ is obtained. With back

gate voltage varied from −50 to 50 V, while source-drain voltage kept constant at 0.02V,
source–drain current increased, demonstrating the InSb NWs are n-type (Figure 2.5c).
Transfer characteristics (Id–Vg) of NWFET, shown in Figure 2.5d, reveals that the drain
current increased linearly from 0.45 µA to 0.49 µA, indicating that the nanowire FET
channel cannot be completely depleted of charge carriers. The mobility calculated from
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the transcoductance (g = dIsd /dVgs) is ~ 5 cm2 / (V·
s). The low mobility is most likely
because of the oxide layer covered around the NW, which is due to the post-growth
procedure.

2.4 Conclusion
We have studied the Au-assisted heteroepitaxial growth of InSb NWs on InAs
substrate by CVD. By investigating the dependences of NW growth rate and morphology
on the NW diameter and growth temperature, it indicates that the growth of NWs is
limited by the growth species direct impingement and surface adatoms diffusion.
Furthermore, the VS mechanism is more dominant at high temperature region,
consequently forming micron-crystals, and thin film on the substrate. The NWs is shown
to grow in <110> direction with the zincblende crystal structure while NW-FET
measurements demonstrate the NWs are n-type. These results lead to better
understanding of indium-based III-V semiconductor NWs growth behaviors and provide
possibility for further control growth in the future. The information is also beneficial for
integrating InSb NWs on lattice mismatched substrates for future nano-electronic
applications.
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Chapter 3 Formation and Morphology of Epitaxial InSb Nanowires Dependence on
Growth Conditions by Che mical Vapor Deposition

Abstract
The dependence of formation and morphology of epitaxially grown InSb
nanowires (NWs) on growth conditions by a simple chemical vapor deposition (CVD)
technique has been investigated. Systematical studies on NW morphology and crystal
structure are carried out by scanning electron microscopy (SEM) and transmission
electron microscope (TEM) equipped with Energy-dispersive X-ray spectroscopy
(EDAX). NW length, diameter, density on substrate and tapering factor are determined as
a function of growth parameters, including powder source, growth temperature, and
duration of growth. Results show that the formation and morphology of NWs are
influenced by axial and radial growth modes, reflecting the growth species kinetics under
different growth conditions. An optimum growth condition for minimally tapered InSb
NWs is established with proper combination of the growth parameters. The as-grown
NWs are in a dominant <110> growth direction with single crystal zincblende structure.
Current-Voltage (I-V) measurements of single NW field effect transistor (NW-FET)
suggest that NWs are of n-type conductive property.
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3.1 Introduction
Recently semiconductor (e.g. Si and III-V) nanowires (NWs) have generated a
continuously growing interest owing to their intriguing physical properties and potential
for future applications in nano-electronics, nano-optoelectronics and nano-sensors [134139]. Precisely controlled growth of NWs, including dimensions, morphology, growth
rate, growth direction and composition, is essential from the viewpoints of fundamental
materials fabrication and their performance in applications [109, 124, 140-143]. For
example, the performance of NW transistors is significantly affected by NW shape and
morphology due to size dependent quantum confinement effect [144-146]. In the pursuit
of control over the growth of semiconductor NWs, and tuning their electrical and optical
properties, it is essentially important to understand the growth species kinetics and
detailed growth mechanisms that apply for the fabrication process. The growth of III-V
semiconductor NWs has been widely studied by different groups using various epitaxy
techniques [110, 123, 128, 147]. However, the results vary among groups and there is
still no clear conclusion of the responsible growth mechanism.
In most of cases, traditional growth species direct impingement induced vaporliquid-solid (VLS) mechanism, first proposed by Wagner and Ellis in 1964, is assigned
for NW growth using foreign metal (usually Au) catalysts as the intermediate [106, 148].
A latterly proposed adatoms diffusion induced mode is assisted to understand some
growth phenomenon such as the tapering effect of NW [111, 128, 130]. An alternative
vapor-solid-solid (VSS) mechanism is proposed as a potential candidate to describe the
growth of semiconductor NWs, suggesting that the formation of NWs is assisted by solid
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state catalytic particles rather than liquid during the process [149, 150]. In the absence of
outside metal catalysts, III-V NWs grown via group III materials self-catalyzed
mechanism and oxide-assisted (OAG) mechanism have been demonstrated [151-153]. In
addition, direct adsorption of growth species on NW sidewalls and substrate, known as
vapor-solid (VS) process, will result in radial growths on substrate [111, 125],which
includes forming thicken NWs, crystal islands and two-dimensional thin film. It has been
demonstrated that VS radial growth is favored at higher V/III ratio and/or temperature
conditions while the III-V NWs continue growing axially via VLS mechanism [101, 110].
To date, the fundamentals of growth mechanisms are not well understood and many
controversies still among them. Controlled growth of III-V semiconductor NWs will
remain difficult without shedding more lights on this subject.
Nevertheless, the variation of NW morphology can be interpreted by different
axial and radial growths that correspond to growth species kinetic and thermodynamic
aspects of NW growth under different growth conditions [130, 154]. By analyzing the
evolution of NW morphology, it is possible to reveal the key atoms kinetics and derive
the potential growth mechanism. It has been theoretically and experimentally reported
that a number of growth parameters make an impact on the NW axial and radial growths,
affecting the morphology [111, 125, 155] .Therefore, fundamental growth experiments
with diverse conditions are meaningful in terms of explaining the growth mechanism and
eventually achieving controlled growth of NWs for practical applications.
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As a III-V semiconductor, indium antimonide (InSb) is recognized as one of the
most attractive nano-building blocks materials for high-speed and low-power electronics
[86], infrared detectors [156] and thermal-electric (TE) devices[157] attributed to its high
bulk electron mobility (77000 cm2 V-1 s-1 at 300k), narrow direct band gap (0.17 eV at
300k) and small effective mass [158-160]. InSb NWs have been synthesized by a variety
of epitaxial growth methods, including metal-organic vapor phase epitaxy (MOVPE),
chemical beam epitaxy (CBE), molecular beam epitaxy (MBE), and chemical vapor
deposition (CVD) [118-120, 122, 126, 161, 162]. Among these techniques, a simple
closed tube CVD system has been considered as a low cost but high productivity
approach for fabricating NW arrays with high quality. Although considerable efforts have
been made for InSb NWs, literatures about the growth studies are still limited, compared
with other III-V materials.
In this chapter, we focus on the growth of the Au-assisted InSb NWs by CVD
under different growth conditions. Detailed characterizations of NW morphology are
conducted by SEM and TEM, revealing the contributions of axial and radial growth
modes. Potential growth species kinetics is discussed and an optimum condition for
minimally tapered NWs is obtained. Current-Voltage (I-V) measurements of the asgrown NWs are presented from a single NW-FET. Our findings provide an in-depth
understanding of III-V NW growth by CVD and the first basis for further investigations
on how to achieve controlled growth of NW arrays.
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3.2 Experime ntal Section
InSb NWs growth: The growth of InSb NWs was carried out inside a horizontal tube
furnace by chemical vapor deposition. First of all, the native oxide on the InSb (100)
substrates was removed by using chemical etching in HCl: H2 O (1:10), followed by rinse
with acetone and isopropanol (IPA). Substrates were dried by blowing Argon (Ar) gas.
Solutions of 60nm Au colloids (Ted Pella Inc.) were diluted with IPA to the
concentration of 104 -106 particles/ml, in order to uniformly spread on substrates and
minimize the effect of interaction among them. The diluted nanoparticle solution was
deposited on InSb substrates (5mm x 5mm) at a density of ~1 particle/µm 2 using spin
coating. These Au decorated substrates were served as the growth substrates. InSb
powder (Alfa Aesar, 99.99%) used as source material and the growth substrates were
placed into a small quartz tube (1cm in diameter), which was then inserted into the big
quartz tube furnace. The tube- in-tube setup allows higher concentration of precursor
vapor delivered over the growth substrates. Different amounts (5mg, 10mg, 20mg, 40mg
and 80mg) of InSb powder were used corresponding to different precursor flow rate.
More powder in the furnace at a specific temperature will enhance the absolute precursor
concentration. Ar flow was firstly introduced into the furnace for 60min with the purpose
of cleaning. The furnace temperature (measured at the center point where placed the
source) was then raised to 570°C with a 30°C/min rate. H2 and Ar were introduced into
the furnace with a constant 1:1 flow rate ratio (75 sccm), served the purpose of carrier gas.
Growth substrates were in the region of 300 °C-480°C, kept with certain time for NWs
growth. When the growth was finish, furnace was fast cooled down to room temperature
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and NWs were taken out from the small tube. This furnace setup is inexpensive compared
with other epitaxy techniques and possesses high productivity.
Morphology and Structure Characterizations: The NW length and morphologies
were analyzed using a Scanning Emission Microscopy (SEM; LEO, 1550). For TEM
analysis, the growth substrate with NWs was sonicated in an IPA solution, followed by
deposition of the NW solution onto a TEM copper grid. Structural analysis was
conducted with Transmission Electron Microscopy (TEM; CM 300) equipped with
Energy-dispersive X-ray spectroscopy (EDAX).
Electrical Characterization: In order to study the electrical properties of the InSb
NWs, single NW-FET devices were fabricated and characterized. The as-sonicated NW
solution was dispersed on p+ Si/SiO 2 chip, the heavily doped Si substrate serves as a
global back gate, while the thermally grown 300nm SiO 2 is used as gate insulator. Source
and drain electrodes to individual InSb NW were fabricated using electron-beam
lithography do define the contact areas, followed by oxygen plasma to remove any
residual resist, and metal deposition by electron-beam evaporation of 200 nm Ni. Prior to
metal deposition sample was submerged in 0.01% HF solution to remove the native oxide
on NW surface. A brief electrical characterization was present.
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3.3 Results and Discussion

Table 3.1 Design of experiments table for determination of key growth parameters
Growth parameters

ΔL (nm)

High(+)

Low(-)

Note

Temperature

400°C

300°C

1500

Main

Pressure in chamber

700torr

300torr

100

High vacuum?

Flow rate

300sccm

50sccm

750

Medium

Growth duration

30min

60min

1000

Main

Precursor pressure

20mg

10mg

1100

Main

Catalysts size

60nm

20nm

400

Medium

Substrate orientation

<110>

<111>

250

Growth Direction

To start the growth of InSb NWs on the InSb substrate using CVD, the first step is
to determine the key growth parameters that contribute the growth process. As shown in
Table 3.1, seven growth parameters, including, temperature, pressure, flow rate, growth
duration, precursor amount, catalysts size and substrate orientation, are initially
considered. The parameters are demonstrated by other materials system or setup s that
would contribute to the growth. However, we need to determine which are key ones in
our setup, in order to save the energy and more efficient. Therefore, ΔL as the length
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difference between the high condition and low condition is set as the output parameter.
By using this DOE table, growth temperature, growth duration and source amount are
determined as the key parameters, which lead a significant effect on the NW axial growth
(ΔL> 1000). Our experiments will focus on these three parameters for investigation the
effects on the NW growth.
It is well known that precursor flow rate and growth temperature play important
roles when controlling the growth of III-V NWs, particularly their morphology [110, 163]
[127, 164-166]. Since powder source is widely used as precursor for the CVD grown
InSb NWs [122, 126, 162], it stimulates the interest of investigating the effect of powder
source amount on the NW growth. It needs to be mentioned that V/III ratio is also a key
factor on the growth of III-V NWs. We control the V/III ratio by putting the
stoichiometric powder at a fixed evaporation temperature (570˚C), resulting in a constant
ratio for each sample.
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Figure 3.1 SEM images of InSb NWs grown on InSb (100) substrate using (a) 5mg,
(b)10mg, (c)20mg, (d) 40mg ,and (e) 80 mg stoichiometric InSb powder source at 300˚C
for 60 min.

Figure 3.1a-e are the SEM images of InSb NWs grown on InSb (100) substrate at
300°C for 60min with 5mg, 10mg, 20mg , 40mg and 80mg powder source respectively,
using 60nm Au nanoparticles as catalysts.
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The SEM images are taken from the center of the growth substrates of similar
area for consistency in comparison. As can be seen, the NW morphology and density on
the substrates are varied with the source amount. To quantify the observations and better
understand the growth process, we characterize the samples with the following columns.
NW length is measured from the NW root to the tip with respect to the substrate, and an
average 30 NWs are counted for each sample. Tapering factor is defined by

(3.1)

where dbase, dtip and L are the base diameter, tip diameter and length of NW. The size of
micro-crystals, which are also products on the substrate, is defined by treating the crystal
islands on the substrate as cubic geometry and the average length of edges stands for its
normalized size. The NW density on substrate is calculated using:

ρ=N/(N+M)

(3.2)

where N is the total number of NWs ,and M is the total number of nucleation sites
forming crystal islands, and catalytic particles sites without NWs, within a 10µm x 10µm
area on the substrate. The corresponding statistical analyses to the powder source amount
are shown in Figure 3.2. Both NW length and density on the substrate increase with the
increase of input source amount, up to 40 mg. The NW length is e nhanced from 500nm to
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3800nm while NW density is from 17% to 63%. After that both of them drop with 80mg
source. Meanwhile, the size of micro-crystal and NW tapering factor are almost with the
same trend that first decreases, then rises up as the source amount increases. In addition,
we observe that multiple NWs have been grown from one nucleation site in the case of
40mg and more grown as 80mg.

Figure 3.2 (a) NW length and the NW density on the substrate and (b) Micro-crystals
size and NW tapering factor, yield as a function of powder source amount

These observations and trends can be explained as the potential growth species
(Indium) kinetics. In general, NW growth is termed as axial growth while lateral growth
of NW, thin film growth and crystal islands formed on the substrate are termed as radial
growth. It has been demonstrated that axial growth rate is mass transport limited [123,
164, 167]; at the same growth temperature, the axial growth rate is proportional to the
input precursor flow rate (powder source amount in our case). Therefore, the increase of
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the NW length and density on substrate from 5mg to 40mg is owing to the fact that more
Indium atoms are available from the precursor, contributing to the a xial growth via direct
impingement through catalytic particles, while more deposited Indium adatoms at the
surface of the growth substrate are able to diffuse to the interface of nucleation sites, as
their concentration increases. In addition, the decrease of NW tapering factor is because
of the increased NW length without significant change of their base diameter, indicating
that adatoms are mainly contributing to the axial growth. However, after the adatoms
reach their critical diffusion length, the lateral growth of NWs will be enhanced due to
the nucleation of adatoms at the base of NWs [123, 125]. Also, excess Indium available
on the substrate would lead to the formation of crystal islands [166, 168]. The diffusion
ability of Indium on the substrate would decrease as more crystal islands formed, which
impede the adatoms flow towards the NW nucleation interface. Therefore, excess
adatoms would enhance radial growths, including crystallization as larger islands on the
substrate or thicken the NW base with increasing source amount instead of contributing
the axial growth (Figure 3.2b). The observation of multiple InSb NWs from one
nucleation site could be understood by Indium droplet assisted growth because of the
excess source amount. It has been reported Indium-base NWs, such as InAs and InN
NWs, can grow from the Indium droplets with high Indium rate [152, 165, 166]. If the
concentration of Indium is high enough around the nucleation sites as excess amount of
powder source is used, consequently multiple InSb NWs could be formed.
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Figure 3.3 SEM images of InSb NWs grown on InSb (100) substrate at (a) 350°C (b)
400°C, (c) 450°C, (d) 480°C using 10mg powder source for 45 min. Titled higher
magnification SEM image of typical multiple NWs grown from one nucleated site is
shown as inset in (a). The scale bar is 500nm.

To study the temperature dependence of InSb NW growth, InSb NWs have been
also grown at 350˚C, 400˚C, 450˚C and 480˚C with 10mg for 60 min, as shown in Figure
3.3a-d, respectively. It is shown that the NW density on the substrate is higher while their
length and diameter also vary, as increasing temperature. The typical trend between
temperature and NW length is shown in Figure 3.4a. Average NW diameter on the
substrate and the total number of NWs grown from one nucleation site against with
growth temperature are plotted in Figure 3.4b. It has been demonstrated that NW radial
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growth is a thermally activated process [169] and the adatoms diffusion ability would
increase with increasing temperature.

Figure 3.4 (a) NW length and (b) Average NW diameter and number of NWs grown per
nucleation site, yield as a function of growth temperature.

As mentioned above, the high concentration o f Indium on the substrate may lead
to the occurrence of Indium droplet promoted grown NWs. Therefore, it is possible that
the diffusion ability of Indium adatoms increases with increasing growth temperature,
resulting in aggregation of Indium with the promotion of small NWs or branch NWs from
nucleation sites. The average NW diameter decreases the NWs are promoted by smaller
size Indium droplets, as the growth temperature increases. NW length is slightly increase
with the increase of growth temperature, but no NWs shown at 480˚C, which is
comparable with other reports for Au-assisted grown Indium-based NWs[109, 110, 170].
The trend indicates that the barrier energy from catalytic particles is diminished as
growth temperature increases. But when the temperature reaches at a point (400˚C in our
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case), more NWs start to grow from other nucleation sites other than catalytic particles,
leading to a decrease of average NW length. It should be noted that parasitic thin film
would also form on the substrate as a type of radial growths. Its growth rate increases
with the increase of temperature since radial growth is a thermally limited process.
Therefore, it is possible that the observed NW length drops from 400˚C since thin film
possesses a higher growth rate than NW from this point. This observation is comparable
with other reports [118, 129].
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Figure 3.5 SEM images of InSb NWs grown on InSb (100) substrate for at 420°C for (ac) 30min, 60min, and 90min respectively taken from the center area of the growth
substrate using 20mg powder source.
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Figure 3.6 SEM images of InSb NWs grown on InSb (100) substrate for at 420°C using
20mg powder source for (a-d) 30min, 60min, 75min and 90min respectively, taken at the
edge of the growth substrate with the identical condition as Figure 3.5 .Higher
magnification SEM image of typical flower shaped NWs is shown as inset in (d). The
scale bar is 50nm.

Figure 3.5 and 3.6 show the investigation of growth duration and substrate edge
effects on the NW morphology. Figure 3.5a-c are the respective SEM images taken from
the center of the substrate grown for 30min, 60min, and 90min. Figure 3.6a-d are SEM
images taken at the edge of the substrates grown for 30min,60min, 75min and 90min. It is
shown that the density and NW length are almost proportional to the growth duration at
the center part of the substrate. Since the incubation effect, NW density is low for 30min.
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The density becomes higher at 60min and the NW taper factor increases at 90min as well.
We observe different NW morphology at the edge of the substrate most likely due to the
substrate edge effect. NWs with severe conical shape and sharp tips are shown in Figure
3.6a. Followed with longer growth duration, NWs at the edge are showing zigzag shape
at the top portion of the NWs as seen in Figure 3.6b. Needle shaped NWs are found in
Figure 3.6c and finally flower shaped NWs are observed in Figure 3.6d, corresponding to
the 75min and 90min growth respectively. Zigzag shaped NWs at the top potion of NW
are observed, which is similar as Indium droplets promoted grown InAs NWs [166].
Therefore, we couldn‟t find the catalytic tips on top of the NWs might be because that
these NWs are promoted from indium droplets which would diffuse into the NWs during
the growth, which would lead to the change of the catalytic particle composition and
contact angle at the interface. As a result, NW growth direction varies, forming the
zigzag shaped NWs. In addition, the observation that NW morphology is different at the
center of the substrate and substrate edge with the identical condition may be explained
as the following: 1) After deposition of Au catalysts on the substrate by spin coating,
more Au catalysts are at the substrate edge because of the substrate surface energy. It has
been shown that Au catalysts may lead to the decomposition of the InAs substrate in a
closed tube system [165, 166]. It is also possible that InSb substrate decompose due to
the formation of Au-In-Sb alloy which would lower the substrate melting temperature.
The decomposition is more pronounced around the vicinity of Au catalysts and/or when
more Au catalysts present, which is the case of substrate edge. The possibility of InSb
substrate decomposed with Au catalysts is shown as SEM images in Figure 3.7.
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Figure 3.7 SEM images of InSb substrates with Au catalysts spread on top (a) before and
(b) after annealing in a closed tube system with Ar environment at 400°C for 15min.
Ditch like decomposition is found on the substrate around the vicinity of Au catalysts
after annealing.

To highlight the effect, Au catalysts density is increased to 4 particles /µm 2 for
this set of experiments. It is seen that ditch- like etch is formed around the vicinity of Au
catalysts, indicating the decomposition of the substrate. As the result, the decomposition
of the substrate may increase the local V/III ratio since group V is more volatile[168],
which would lead to more radial growth on the substrate, reflected by high tapering NW
morphology. Also as a consequence, it leads to form a more instantly Indium rich
substrate and promote the NW growth as discussed above. Detailed studies on the
composition along the NW need to be done in order to clarify this issue, but it is out of
the scope of this report. 2) Fluctuation of the precursor flow at the edge of the substrate
would also be a reason responsible for the NW morphology variation along the substrate.
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Figure 3.8 (a) SEM, (b) TEM, and (d), (e) HRTEM images of InSb NWs grown in
optimized condition. The inset in (a) is Higher magnification SEM image of the NW with
catalytic tip observed on top. The scale bar is 200nm. (b) TEM shows minimally tapered
NW with ~50nm in diameter. The inset in (b) is the catalytic tip portion of the NW. The
scale bar is 20nm.The corresponding EDAX of the inset is shown in (e).The while lines
in (d) show the measured d-spacing of 3.8Å and 4.7 Å, indicating {311} and {110}
planes respectively. An angle of 65°between the growth direction and <311>, confirms
the <110> growth direction of NW. (f) EDAX measurements taken from the part framed
in (d). „*‟ in (e) and (f) is mostly likely the artifact portion during the sample preparation.
67

An optimized condition is established for the electronic desired straight and
minimally tapered NWs. Figure 3.8a shows the typical top view SEM image of InSb
grown at this condition. These NWs are grown at 430°C for 80min with 60nm Au
catalysts using 20mg powder source. The diameters of NWs are in a range of 20 nm 80nm and the length is approximately 3µm. TEM images reveal the detailed morphology
and crystal structure of InSb NWs (Figure 3.8b, c and d). Figure 3.8b shows the InSb NW
that has nearly uniform 50nm in diameter along the NW body. A catalytic particle is
clearly seen on top as shown in the inset. HRTEM results in Figure 3.8c and d show that
the NW grows along the <110> direction. The ~2nm amorphous thin film around the NW
is possibly due to post growth procedure. A d-spacing of 4.7Å suggesting of {110}
planes and 3.8Å indicating {311} planes are characterized. The 65°angle between these
two planes is determined, which is one of the plane angles between {311} and {110},
confirming the <110> growth direction of InSb NWs. The EDAX spectra taken from the
NW body (Figure 3.8f) reveal that there is no Au on the body but at the tips (Figure 3.8e).
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Figure 3.9 SEM images illustrating the morphology of individual InSb NWs grown after
(a) 10, (b) 20, (c) 30, (d) 60, and (e) 90 min. The growth temperature was 450°C and
20mg powder source was used. (a),(e) are viewed from normal to the surface, (b)-(d) are
viewed 45°from normal to the surface, and (b) was rotated for 135°for better comparison
with other images. Scale bars are 100nm for (a) and (b), and 500nm for (c)-(e).

To show more detailed observation of the NW morphology variation over the
time, Figure 3.9 shows a series of five samples was synthesized for 10, 20, 30, 60 and 90
min at 450°C with 20mg powder source. It is more clearly to see the NW tapering
morphology. The first increase, then decrease trend of catalytic particles size suggests the
incubation effect [171], and the diffusion of Indium adatoms, which incorporate the
growth. The decrease of NW length and increase of tapering factor indicate the adatoms
diffusion may be limited after some growth time and possibility of the formation of 2D
thin film underneath.
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(a)

(b)

(c)

Figure 3.10 Another set of statistical analysis of the experiments (a) Dependence of InSb
NWs length and tapering factor on growth temperature. (b) Dependence of InSb NWs
length and tapering factor on powder source amount. (c) Dependence of InSb NWs length
NWs are grown with 20mg powder at 450°C. The lines are intended as guides for the eye.

Figure 3.10 shows the statistical trends of NW length and tapering factor
corresponding to the growth temperature, powder source amount and growth duration in
another set of experiments (verify process). It is clear see that, the trends are consistent to
what we discussed in the previous chapter and sections.
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Figure 3.11 Schematic of growth model for InSb NWs: A. Growth specie direct
impingement from vapor through catalytic particle. B. Direct deposition from vapor
source on NW sidewall. C. 2D layer deposition. D. Adatoms diffusion to nucleation
interface along the sidewall. E Grow species desorption and F. Catalyst Au atoms
migration out of the catalytic particle.

A potential growth model in is discussed based on the observations in chapter 2
and 3. In general, the NW growth kinetics includes (A) the direct impingement of growth
specie atoms through the catalytic particle, (B) the direct deposition on the NW sidewalls
from the vapor source, (C) direct deposition from vapor source on the substrate (thin film
deposition), (D) the diffusion of adatoms from the substrate surface towards the catalyst
along the NW sidewalls, (E) the material desorption from the NW, and (F) catalyst (Au)
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atoms migration (Figure 3.11). Influenced by atoms kinetic movements, the NW
morphology is affected by different NW axial growth and radial growth corresponding to
different conditions. However, in our case, the growth species desorption and Au
migration might not be applied for the growth of InSb NWs, but the Indium adatoms play
an important role during the growth and Indium droplets may also promote the growth.
These findings are consistent to other reports of the growth of III-V NWs [101, 109, 120,
161, 163, 172-174], especially for the Indium-based NWs [110, 127] and closed tube
CVD system.

Table 3.2 Summary of optimized condition for InSb NWs growth
Optimized condition

~50nm/min & TP<0.1

Temperature(°C)

390-435

Source amount (mg)

10-40

Growth duration (min)

50-75

With the help of series of fundamental experimental studies, a process table for
growing InSb NWs with a axial growth rate of ~50nm/min and tapering factor <0.1 is
summarized in Table 3.2. Within the range of the table, the growth of InSb NWs is with a
considerable fast growth rate and minimally tapered.
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Figure 3.12 (a) SEM image of single 50nm InSb NW-FET. (b) FET source-drain current

Finally, electrical measurement of InSb NWs from a single NW-FET is presented
in Figure 3.12, whose NW is obtained from the sample shown in Figure 3.8. Figure 3.12a
shows the SEM image of the InSb NW-FET and source-drain current Vs gate voltage
recorded on this NW-FET is shown in Figure 3.12b. The separation between metal
electrodes is ~1 µm, while NW diameter is 50nm. I-V characteristics of InSb NWs are
obtained at room temperature using Agilent 4155C semicond uctor parameter analyzer.
Id-Vds curves of the device exhibit linear behavior indicating good ohmic metal contacts
without thermal annealing, which can be attributed to the small grain size of Ni. The
increase in drain current with the increase of gate vo ltage demonstrates the n-type
behavior of InSb NWs. An average device resistance of ~250 kΩ is obtained with InSb
NWs demonstrating high current density.
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3.4 Conclusions
We have systematically studied the growth of epitaxial InSb NWs on InSb (100)
substrate by CVD. The variation of NW morphology is determined as a function of a
variety of growth parameters, including powder source amount, growth temperature and
growth duration. By analyzing the results, it shows that the source amount highly
influenced the NW axial growth. Both atoms direct impingement through the catalytic
particles and adatoms from the surface of the substrate to the nucleation interface may be
assigned for the main contributions of InSb NW growth. If excess Indium is available on
substrate, such as under high source amount and high temperature conditions, multiple
NWs can be formed from one nucleation site. Substrate edge effect is taken into account
when explaining the different NW morphologies between the center and edge of the
growth substrate. A condition for application-desired minimally tapered NWs is
established by optimizing the growth parameters. Our results provide evidences
elucidating the nature, and useful information regarding the growth parameters effect on
the growth of InSb NWs. This study can be applied to gain better understanding of the
III-V NWs growth mechanism and further controlling the growth of NWs.
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Chapter 4 Controlled Growth Direction of InSb Nanowires by Chemical Vapor
Deposition and its Alignments for Nanoelectronics

Abstract
Highly controlled direction and uniform assembly of nanowires (NWs) using
bottom- up approach is one of the most challenge issue faced by large scale integration of
NW electronic and optoelectronic applications. In this chapter, we present two methods
to have NWs aligned on the substrate: in-situ planar grown NWs alignment by CVD and
ex-situ aligned NWs using contact printing method.
First of all, we investigate the growth temperature effect on the growth direction
of InSb NWs. InSb NWs are grown on the InSb (100) substrates by Chemical Vapor
Deposition (CVD) with 60nm Au nanoparticles as catalysts. Characterizations of
scanning electron microscopy (SEM) reveal that NWs are grown in different directions,
including <110>, <211>, and <111>, while at high temperature with an annealing step,
multiple NWs are grown from one nucleation site. By optimizing the catalysts density,
annealing step and growth temperature, NWs are grown in a dominant <110> direction.
Also, kinking morphology NWs have been found which might be due to the initial stage
growth by the unbalanced contact angle and surface energy. With optimized condition,
InSb NWs trace and a few of straight InSb NWs are planar grown on the substrate.
Furthermore, a proposed future works with patterned Au catalysts on the substrate that
uses for large area of planar grown InSb NWs is presented.
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Secondly, an ex-situ contact printing method for InSb NWs alignments is
presented. The substrate has CVD InSb NWs grown is served as the donator substrate
when a blank

substrate

is served

as acceptor substrate.

With appropriate

functionalizations of the acceptor substrate, when donator substrate is slide on top of it,
aligned NW arrays are generated on the substrate.
The prepared aligned InSb NWs arrays opens up new opportunities for future
NWs array-based nanoelectronics and photonic applications.
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4.1 Introduction
Recently, one dimensional (1D) semiconductor nanowires (NWs) have received a
great deal of attention due to their merits for understanding fundamental concept s, i.e.
size-associated quantum confinement effect and enabling them into a wide range of
building blocks of photonic and electronic nanoscale devices [175-177]. Among the
semiconductor materials, classical III-V compound such as GaAs, InP, InAs and IIINitride attracted much interests because of their famous direct bandgap, high carrier
mobility and flexibility of forming heterojunctions[115] [110, 119, 125, 128, 139, 144,
150, 178-181].As a III-V semiconductor material, indium antimonide (InSb) possesses
narrow direct band gap (0.17 eV at 300k) corresponding to long-wave infrared regions,
high bulk electron mobility (77000 cm2 V-1 s-1 at 300k) and low effective mass. Therefore,
InSb NWs is an ideal candidate for high-speed and low-power electronics, infrared
detectors, magnetic sensors and thermoelectric power generation [182-185].
Compared with conventional top-down approach, the bottom up approach to NW
synthesis through metal catalyst allows for the routine fabrication of 1D device. This
growth approach is most frequently described as vapor- liquid-solid (VLS) mechanism
[106] which is firstly presented by Wagner and Ellis or vapor-solid-solid (VSS)
mechanism which is discovered recently [112]. Recently, the study of controlling NWs
growth direction is the most active research fields due to the fact that (1) the orientation
of NWs will eventually affect their optical and transport properties [186]. (2) Planar
growth NWs lead to more convenient high density integrated devices. (3) Novel
nanoscale application specific integrated circuit (NASICs) created by Moritz et al has
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been proposed as a solution of overcoming CMOS limitation, whose architecture is based
on 2-Ddimensional planar aligned NWs array; in other word, controlled planar NWs
array on the other [81, 82]. To this end, controlling NWs growth direction is beneficial
not only for advancement of single nano device but also enabling a solution of CMOS
limitation. There are many reports on the growth of III-V semiconductor NWs with
various directions via VLS or VSS mechanism by molecular beam Epitaxy (MBE)[123,
154], metal-organic chemical vapor deposition (MOCVD) [143, 187], and traditional
chemical vapor deposition (CVD)[188]. Even though considerable efforts have been
devoted on synthesis of materials, there is limited amount of reports of control over of
NWs growth direction, specifically planar grown NWs. Among those work, both ex- situ
and in-situ aligned NWs have been demonstrated [143, 187, 189]. However, ex-situ
method might bring undesired pollution to the sample, coarsely align the NWs in plane
without control of the position and pitch between NWs is not satisfied with demanding
high density integrated devices. For in-situ aligned NWs, it is advantageous for the
integration of large area NW arrays devices and improvement of new architecture such as
NASICs. Some work has been done so far. Fortuna et al have synthesized GaAs NWs on
GaAs (001) substrate with a growth direction of <110> and demonstrated that these NWs
can be transferred to another desired substrate. Zhang et al has shown GaAs NWs with
<110> direction laterally synthesized on [311] B substrate. Nevertheless, planar growth
NWs are still one of the challenging issues of NWs growth due to the different material
properties and under different experimental conditions. Literature publication is
insufficient and developed knowledge of controlling growth direction is still lacking.
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There is another issue which is to control the positions of the Au catalyst, in order to form
desired array pattern of NWs. Some methods have been used to for catalysts array.
Nevertheless, effective method with plausible results is still highly desired.
It has been demonstrated that NWs growth temperature is an important parameter
in terms of controlling directional growth[187, 190]. In this chapter, firstly, we studied
the temperature-dependent growth direction of InSb NWs grown on InSb (100) substrate
by CVD technique. Furthermore, by optimizing catalysts density, growth temperature,
preliminary results of in-situ aligned InSb has been reported. Possible model has been
discussed and large area of in-situ aligned NW arrays based on patterned Au catalysts is
discussed for future work. Contact printing method is also discussed, which is by sliding
one substrate on top of another. Compared with previous III-V aligned NWs work, our
CVD system is more cost affordable and it is reported for the first time of control growth
direction of InSb NWs, which has low band gap and high mobility properties.

4.2 Material Synthesis and Experimental Methods
The InSb NWs are synthesized on InSb (100) substrates inside a vacuumed quartz
tube furnace chamber. First of all, the native oxide on the substrate is removed by using
chemical etching in HCl: H2 O (1:10). Solutions of 60nmAu colloids (Ted Pella) are
diluted with isopropanol (IPA) to the concentration of 10 4 -106 particles/ml, in order to
achieve uniform spread Au nanoparticles o n substrates and minimize the effect of
interaction among them. Then diluted Au particles solution is deposited on InSb
substrates using spin coating. With the annealing step experiment, catalyst decorated
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substrates are annealed at 420°C for 10 min under an inert gas environment. After that,
InSb source powder is placed at the upstream position at a distance of 15 cm from the
target substrate in our setup. H2 and Ar gases (1:1) with flow rates of 75 sccm are
introduced into the reactor chamber, serving the purpose of carrier gas and preventing
oxidation during NWs growth. After the entire quartz tube is occupied by shield gas,
furnace temperature was is to 550°C at a rate of 10-90°C/min (measured at the central
position of the tube), the target InSb substrate is at an varied temperature range of 380°C
-430°C ,while the source InSb powder is maintained at 550°C. The growth procedure
lasted for 2-30min. Once the growth procedure was over, the furnace is cooled down to
the ambient temperature immediately. Target substrate is taken out when the cooling step
finished. The NWs are analyzed using a scanning electron microscopy (SEM) LEO 1550,
transmission electron microscopy (TEM) CM-300 equipped with an X-ray energydispersive spectroscopy module (EDS). For TEM analysis, the target substrate with NWs
is sonicated in an IPA solution, followed by deposition of the NW solution onto a TEM
copper grid.
For the contact printing method, InSb NWs are grown using the same process
mention above. A bare Si/SiO 2 substrate is functionalized using poly- L-lysine. A speed
controller is used to slide the donator substrate (with InSb NWs on top) on the acceptor
substrate with fixed slow speed. NWs are shown t align on the substrate.
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4.3 Results and Discussion

Figure 4.1 (a)Top view SEM image of InSb NWs grown at 450°C for 60 min on InSb
(100) with 60 nm Au catalyst. (b) Cross-section SEM image of the same sample showing
NWs are forming about 35.3°,45°,and 54.7°with respect to InSb (100) substrate
indicating growth directions of <111>, <110>, and <211>,respectively.

Figure 4.1a shows the top view SEM image of InSb NWs, a sample processed at
450°C with 60nm Au catalysts for 60 min. NWs are observed grown in different
directions. From Figure 4.1b, a cross section view SEM image of the corresponding
sample, it is shown that NWs are forming about 35.3°,45°,and 54.7°with respect to InSb
(100) substrate indicating growth directions of <111>, <110>, and <211>,respectively. A
possible explanation is as the following (Figure 4.2). The phenomenon is tentatively due
to the annealing step [191]. At high temperature (in our case 450˚C) InSb will be locally
dissolved in the reaction with the Au catalysts attributed to the lower Au-In alloy
temperature (~420˚C). Au-semiconductor interfaces that develop in this condition may
form as round shape catalytic alloy on the substrate, as shown in Figure 4.2b. Nucleation
could be starting from the normal point at the facets of alloy-substrate interface and form
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different growth directions. Therefore, if we can modify the annealing step and the
growth temperature, NWs growing in a dominant direction is possible and depends on the
substrate orientation, as shown in Figure 4.2a. Also as discussed in chapter 3, the high
amount of diffusion of Indium adatoms in the high temperature condition may lead to
form multiple NWs from one nucleation site. The multiple nucleations would lead to the
composition of Au-In catalytic particle in a not stable state, which may be also a reason
for different directions owing to the different lowest surface energy for these small nuclei
points [192].

Figure 4.2 Schematics of explaining the different growth directions by different start
(nucleation) conditions. (a) NW growth from an Au droplet without annealing. The Au-In
alloy forms by reaction of the Au with Indium from vapor source. (b) NW growth from a
Au droplet at the (100) substrate surface after annealing. InSb will be locally dissolved to
for a Au-In alloy; side facets may promote the growth of different direction.

Figure 4.3 shows SEM images InSb NWs grown at 410°C for 60 min on InSb
(100) with 60 nm Au catalyst without annealing step and lower Au catalysts density is
applied ~2 particles/μm2 . The 60°tilted SEM image of the same sample showing NWs
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with uniform growth direction (Figure 4.3b). A 26.6 °rotated angle suggests a 45°
inclined angle with respect to the substrate, which is one of the plane angles between
{110} and {100}, indicating <110> growth direction. Without an annealing step, Indium
on the substrate and Au reaction will be suppressed. This may lead to a more smooth
interact surface under the Au catalytic particles which results in the dominant growth
direction occur.

Figure 4.3 (a)Top view SEM image of InSb NWs grown at 410°C for 60 min on InSb
(100) with 60 nm Au catalyst without annealing step. (b) 60°tilted SEM image of the
same sample showing NWs with uniform growth direction. A 26.6 ° rotated angle
suggests a 45°inclined angle with respect to the substrate, which is one of the plane
angles between {110} and {100}, indicating <110> growth direction

The TEM characterization of a InSb NW from sample in Figure 4.3 is shown in
Figure 4.4. It shows the defect-free crystal structure of InSb without stack fault. A
measured d-spacing of 4.8Å confirms the growth direction of <110>. The corresponding
EDAX measurement confirms the Indium and Antimony portions in the NWs (Figure
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4.4b). The O portion may come from the oxidation layer wa rping around the NW, which
also can be observed from Figure 4.4a. This oxidation layer may be due to the post
growth procedure.

Figure 4.4 (a) HRTEM image of a InSb NW The spacing of the lattice fringes is 4.8 Å,
confirming <110> growth direction. (b) EDAX measurement confirms Indium and
Antimony portions of InSb NWs.

In Figure 4.5, we also observe some kinking morphology NWs formed during the
growth in the case of with annealing step (as in Figure 4.3). NWs change their growth
direction, which could be explained as the following, during the annealing step or
temperature ramp up procedure, Indium may diffuse into the Au catalysts forming the
Au-Indium catalytic particles as discussed above. We the NWs growth initiates, Indium,
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which is lower melting point material, may leave the catalytic particle and incorporate
into the growth of InSb NWs[193]. Therefore, during the initial stage, the composition of
catalytic particles may vary significantly because of the unstable state since the depletion
of Indium in catalytic particles. Due to this variation, the substrate surface, catalytic
particles- substrate interface energies may also vary over the time. It is well accepted that
the contact angle of the catalytic particles may lead to the different NW growth direction
via VLS mechanism and it can be affected by the composition of these particles due to
the change of the lowest surface energy facet for NW growth [194]. Furthermore, the
surface energy is sensitive to the growth temperature from the thermodynamics aspects
[195].

Figure 4.5 SEM images of kinking NWs with change of growth direction.
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Figure 4.6 SEM images of kinking NWs over the time (a) 60 min (b) 10min and (c) After
8min annealing.

To further investigate the temperature profile effect on the variation of growth
direction, Figure 4.6 shows SEM images of InSb NWs on the substrate over the time, for
60min, 10min, and right after 8min annealing, respectively. It can be seen that, the
kinking from the initiate stage of the growth. The catalytic particles are larger after
annealing, compared with 10min growth and slowly getting smaller. When in 60min
growth, the diameter of NW is in ~20nm. It suggests that Indium diffusion in the
catalysts and incorporation of NW may lead to the composition variation. More concrete
growth mechanism study and compositional study on these NW remains for further
works.
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Figure 4.7 (a, e) The SEM images for the large area kinking NWs on the substrate. (b-d)
TEM, HRTEM and corresponding FFT images for the kinking NWs. (c) the FFT pattern
that is framed in (b).
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Figure 4.7 shows the TEM characterizations of the kinking NWs. Figure 4.7c, d
are the HRTEM image and FFT pattern of the kinking NWs, which suggests that the
NWs are initially grown in different directions like <100> or <111>,and eventually
grown in dominant <110> direction.

Figure 4.8 An optimized growth direction for planar grown InSb NWs arrays. (a-c) InSb
trace on the substrate (d) aligned InSb NWs on the substrate with Au tips on top. (e)
EDAX study of the NWs.

By understanding that <110> may be the dominant growth direction of InSb NWs,
if we can control or minimize the initial kinking stem of the NW, in-situ aligned NWs
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might be obtained. As shown in Figure 4.8, an optimized condition by controlling the
annealing step, Au catalysts density on the substrate and growth temperature, results in
the planar grown InSb NWs. Though InSb traces with non-straight NW body are the
major product on the substrate, which have liquid gold catalysts on top, a few well
aligned InSb NWs are found at the center of the substrate. This may due to the growth
condition is more stable in this position, not affected by the substrate edge, leading a
more stable surface energy and other properties. The EDAX (Figure 4.8e) profile
confirms the existence of Au, Indium and Antimony elements corresponding to a metallic
alloy nanoparticle at the tip of the NW. The detection of C and Cu elements comes from
the lacey carbon supported Cu grid of TEM specimen. The detection of O element was
made possible due to the native oxide layer along the NWs.

Figure 4.9 A potential crystal structure schematic for the aligned NWs grown on the
substrate.

A schematic of possible growth mode is proposed in Figure 4.9. Ausemiconductor alloy forms a mixed growth interface with respect to the temperature

89

history and diameter. Both <110> or <100> growth direction will lead to the planar
growth NWs.

Figure 4.10 (a-b) Au catalysts patterned on the substrate and (c) schematic of the process
used to obtain planar grown InSb NWs on the substrate.
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The large area aligned InSb NWs could be obtained as shown in Figure 4.10. First
of all, Au catalysts are patterned on the growth substrate using simple drop-cast method
and spin coating, as shown in Figure 4.10a, and b. With an appropriate pattern on the
substrate, Au catalysts can be well separated on the substrate with fixed pitch. After that,
these substrates are used in the CVD growth NWs under the optimized condition. Growth
process flow will be as the Figure 4.10c. Planar InSb NWs could be obtained since NWs
growing in both <110> or <100> will form the aligned NWs on the (100) substrate.

Figure 4.11 SEM images of InSb NWs aligned on (a and b) bare SiO 2 substrate and (c)
polymer patterned substrate using contact printing method
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Finally, InSb NWs are aligned on the substrate using contact printing method
(Figure 4.11). As can be seen, InSb NWs grown from the CVD process are physically
aligned on the substrate. The acceptor substrates are functionalized by Poly-L-Lysine
[196] and a sliding speed controller is used when acceptor substrates are fixed.
Contingent of the slide speed and the density of NWs on the substrate, InSb NWs
alignment are formed on the substrate but the pitch between NWs could not be controlled.
Also some impurities are introduced when the NWs also broke at some points. Better
controlled-pitch NWs alignment is obtained when used polymer patterned acceptor
substrate (Figure 4.11c). Though the NW pitch is better organized, the NWs are easier to
break due to the external force from the pattern.

4.4 Conclusion
We have demonstrated the formation of kinking morphology and controlled
growth direction of InSb NWs by CVD, specifically by optimizing the temperature,
including annealing temperature and growth temperature. Results show that NW may
change growth direction due to the composition variation of the catalytic particles. The
variation maybe assigned to the Indium adatoms incorporation of the growth process and
result in the change of contact angle and surface energy, and consequently, the growth
direction changes. The results indicate that growth temperature plays an important role
when controlling the InSb NWs growth direction and comparable to those published IIIV semiconductor NWs works. Based on this understanding, planar grown InSb NWs are
obtained by optimizing the growth temperature profile in the middle of the substrate

92

where a more stable growth condition has, though InSb trace are the main products. The
concept of large area controlled grown NW arrays is presented by using patterned Au
catalysts and CVD process. Finally, contact printing for aligned InSb NWs is discussed
as well. NWs alignments can be achieved when use this method, but introducing
impurities and damage of NWs. Our findings provide experimental basis for further
investigation of controlled growth of InSb NWs, also serve as a general purpose for indepth study of III-V semiconductor NWs growth mechanism and applications. In addition,
controlled growth direction of NWs may apply in the novel NASICs for future
technology.
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Chapter 5 InSb Nanowires Grown by Electroche mical Deposition and
Improvements of InSb NW-FETs

Abstract
The accurate electrical characterization of nanowires (NWs) and their ultimate
implementation in electronics devices necessitates fabrication of metal contacts to
semiconductor NWs with good ohmic behavior and low contact resistance.
In this chapter, InSb NWs have been firstly grown by electrochemical deposition
method. NW-FETs are then fabricated to study the electrical properties of the as-grown
NWs. Also, to improve the contact quality between the NW and contacts, an annealing
step is added, resulting in a linear Current-Voltage (I-V) characteristic behavior that
indicates the formation of ohmic contacts. In addition, NW resistivity and contact
resistance are determined from a four-point measurement, which is conducted on a device
fabricated using Focused Ion Beam (FIB). Ohmic contacts are also formed when used
FIB, which could be explained by a better match (work function) material (platinum), is
used for the contact with InSb. Finally, Temperature dependant I-V measurements of
InSb NWs obtained after rapid thermal annealing (RTA) show linear characteristics
throughout the whole temperature range, implying a zero Schottky barrier height.
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5.1 Experime ntal Section
InSb NWs are fabricated by a solution based electrochemical deposition method.
The 50nm and 200nm diameter porous AAMs (Whatman Inc. and Synkera Technologies,
Inc) are used as templates. A layer of Au about 200nm in thickness is firstly spurted on
the back side of the AAMs serving as contact purpose. The synthesis of InSb NWs takes
place in a traditional three-electrode electrochemistry deposition system, including a
Ag/AgCl reference electrode, a platinum counter electrode and the AAMs with Au
contact as the working electrode. 0.1 M SbCl3 , 0.15M InCl3 , 0.36M citric acid, and
0.17M potassium citrate are mixed as electrolyte for the deposition, at the ph value of ~2.
Using a potentiostats/galvanostats equipment, constant voltage of -1.2 V versus reference
electrode is applied to the system for 40min when NWs are growing inside the porous of
AAMs. After the deposition, the entire AAMs with NWs are immersed in 3M NaOH
solution for several minutes to dissolve the membranes and followed by rinse with DI
water. This step is repeated for several times. Finally, NWs are remained in the clean DI
water.
The as grown NWs are characterized by SEM and TEM. NW-FETs are fabricated
using the similar process in chapter 2 and 3. InSb nanowires suspended in DI water are
drop-cast deposited on Si/SiO 2 substrate. Metal contacts to individual NWs are fabricated
by electron-beam lithography and lift-off process, or FIB. Metal electrodes to NW are
deposited by electron-beam evaporation of Ti (10 nm) and Au (70nm). In the case of
using FIB, Pt is used contact metal. I-V characteristics of the InSb NWs are obtained at
room temperature using Agilent 4155C semiconductor parameter analyzer. To improve
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NW-FET performance by creating ohmic contacts between the NW and contact, rapid
thermal annealing (RTA) at 300 °C for 30 s in N 2 ambient is used to lower the contact
resistance.
5.2 Results and Discussion

Figure 5.1 (a) SEM image of the typical InSb NW-FET, NW is ~50nm in diameter. (b)
and (c) a set of I-V measurements on InSb NW-FETs show the non- linear I-V
characteristics behavior without annealing step and linear I-V characteristics behavior
with the annealing step, indicating the formation of schottky contacts and ohmic contacts,
respectively.
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Metal electrodes to NW (Figure 5.1a) are deposited by electron-beam evaporation
of Ti (10 nm)/Au (70nm) and Current- voltage (I-V) characteristics of the InSb nanowire
are obtained at room temperature (Figure 5.1b and c). Rapid thermal annealing at 300 °C
for 30 s in N 2 ambient is used to lower the contact resistance.

Figure 5.2 (a) and (c) SEM images of InSb NW-FET. (b) and (d) corresponding I-V
measurements on the NW-FETs the non- linear I-V characteristics behavior without
annealing step and linear I-V characteristics behavior with the annealing step.
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Figure 5.2 shows another two NW-FET devices and their I-V measurements.
From these measurements, it indicates that after the annealing step, ohmic contacts are
obtained and the contact resistance is lowered. The improvement of I-V characteristic is
most likely due to the diffusion of Au in the InSb NW during the annealing step, which
acts as a local dopant in the vicinity of the NW-metal contact interface [197]. In addition,
an appropriate annealing step helps the relaxation of NWs, releasing strain in the NWs
that formed during the growth, with better organized crystal structure [198, 199]. The
NW-metal contact interface may be also better aligned with the NW curvatures.
Furthermore, the oxidation layer or other impurities around the NW surface after the
growth can be evaporated during annealing, resulting in a better conductivity property
and lowered contact resistance.
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Figure 5.3 (a) FIB 4-point contacts to 200 nm InSb nanowire and (b) corresponding I-V
measurements

It is already shown that fabricating the contacts using FIB with different contact
materials such as Pt is another method to improve the contact quality [200], and it may
have a better work function match with the channel materials (InSb). Furthermore, the
resistivity of semiconductor NWs is one of their most important electrical properties.
Accurate measurement of NW resistivity can only be achieved by determining the
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contacts resistance of the metal contacts made to the NWs. Measuring the contact
resistivity is a crucial step in the electrical characterization of NWs because of the
relative difficulty in achieving ohmic contacts to such small area and the non-planar
geometry of nanowire. Therefore, we have used a four-point method [201] to determine
the contact resistance of metal contacts to 200 nm InSb nanowire, obtained from
deposition of Pt by FIB. As shown in Figure 5.3a, potential V14 is applied between points
1 and 4, the current I is measured at 4. The voltage drop V23 is measured between points
2 and 3 using the high impedance semiconductor parameter analyzer. Since there is no
current passing through the metal contacts at 2 and 3, the NW resistance is given by Rs =
V23 / I and the total resistance of the NW including the contact resistance is given by R =
(Rs + 2Rc) = V14 /I. Assuming R = ρL/A, where L is the NW length and A is the crosssection area of the NW, the NW resistivity can be determined as ρ = Rs A/L. We have
determined the NW resistivity ρ = 0.594 Ωcm and contact resistance of 46.3 kΩ (Figure
5.3b).
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Figure 5.4 The dependence of conductance on temperature.

The dependence of conductivity on temperature is shown in Figure 5.4. The
exponential dependence of conductivity on temperature is owing to the fact that density
of carriers and mobility decrease with the decrease of temperature, resulting in an
increase in resistance of NWs. This effect is less pronounced in NWs with diameter of 30
nm compared to nanowires with diameter of 200 nm. Finally, I-V characteristics of 30nm
InSb NWs are obtained as temperature is varied from 300 K to 80 K (Figure 5.5).
Conductance of NWs decreases exponentially as temperature decreases.
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Figure 5.5 Temperature dependence of Drain Voltage and Drain Current relationship

5.3 Conclusion
InSb NWs are synthesized using a solution based electrochemical deposition
methods. InSb NW-FETs have been fabricated for both investigation of the electrical
properties and device performance, including the NW resistivity, contact quality at NWcontacts interface, contact resistance and temperature-dependent performance.
The results show that both an annealing step and using FIB for fabrication may
create the ohmic contacts due to the modification on NW-interface with a better match in
terms of crystal structure, local dopant and removal of impurity. A four point contacts
method using FIB also enable to determine the contact resistance and NW resistivity.
Temperature dependent I-V characteristics show the conductivity increases with
temperature due to carriers and mobility decrease with the decrease of temperature.
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Chapter 6 Conclusions
The substantial understanding of the NW growth mechanism and the capability of
control over the NW morphology, growth direction and composition are essential for
future NW applications and technology development. This dissertation focuses on
investigating growth of InSb NWs by CVD process as well as studying the potential
applications in nanoelectronics, such as NW-FET. Our findings provide an in-depth
understanding of III-V NW growth by CVD and the first basis for further investigations
on how to achieve controlled growth of NW arrays.
In chapter 2, we have studied the Au-assisted heteroepitaxial growth of InSb NWs
on InAs (100) substrate by CVD. By investigating the dependences of NW growth rate
and morphology on the NW diameter and growth temperature, it indicates that the growth
of NWs is limited by the growth species direct impingement and surface adatoms
diffusion. It is an important first-step for the following chapters. Furthermore, the VS
mechanism is more dominant at high temperature region, conseque ntly forming microncrystals, and thin film on the substrate. This finding further illustrates the role of adatoms
on the substrate during the growth. The NWs is shown to grow in <110> direction with
the zincblende crystal structure while I-V measurements on NW-FETs demonstrate the
NWs are n-type. The information is beneficial for integrating InSb NWs on lattice
mismatched substrates for future nano-electronic applications. Also, the results lead to
better understanding of growth behaviors of indium-based III-V semiconductor NWs and
provide possibility for further control growth in the future.
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In chapter 3, we have systematically studied the growth of epitaxial InSb NWs on
InSb (100) substrate by CVD. Potential thermodynamics and atoms kinetic processes,
which are the keys to understand the growth mechanism and further achieve optimal
control over the InSb NW morphology, have been discussed from different sets of
experiments by tuning the growth parameters. The variation of NW morphology is
determined as a function of a variety of growth parameters, including powder source
amount, growth temperature and growth duration. By analyzing the results, it shows that
the source amount highly influenced the NW axial growth. Both atoms direct
impingement through the catalytic particles and adatoms from the surface of the substrate
to the nucleation interface may be assigned for the main contributions of InSb NW
growth. If excess Indium is available on substrate, such as under high source amount and
high temperature conditions, multiple NWs can be formed from one nucleation site.
Substrate edge effect is taken into account when explaining the different NW
morphologies between the center and edge of the growth substrate. A condition for
application-desired minimally tapered NWs is established by optimizing the growth
parameters. Our results provide evidences elucidating the nature, and useful information
regarding the growth parameters effect on the growth of InSb NWs. This study can be
applied to gain better understanding of the III-V NWs growth mechanism and further
controlling the growth of NWs.
The studies on the NW alignment begin with chapter 4, which demonstrates the
possibility of NW aligned on the substrates using ex-situ and in-situ approaches. First, the
growth direction of InSb NWs by CVD has been found significantly affected by growth
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temperature history. The kinking morphology NWs have been found due to the NW
annealing process leading the various contact angles. The variation of growth direction
maybe assigned to the Indium adatoms incorporation of the growth process and result in
the change of contact angle and surface energy, and consequently, the growth direction
changes. Based on this understanding, planar growth InSb NWs are obtained in the
middle of the substrate with a more stable condition by further controlling the
temperature profile though InSb trace are the main products. The concept of large area
controlled planar grown NW arrays is presented by using patterned Au catalysts and
CVD process. With an appropriate patterned substrate, Au catalyst can be well separated
using even simple drop-cast and spin coating method. Two layers aligned NWs could be
obtained by using this method.
Also, ex-situ aligned NWs have been discussed. InSb NWs were firstly grown on
the InSb substrate, the NW grown substrate is attached with the acceptor substrate. With
certain aligning speed and functionalizations of acceptor substrate, NWs are shown
aligned on the substrate. However, it may introduce impurities and damage of NWs. Our
findings provide experimental basis for further investigation of controlled growth
direction of InSb NWs, also serve as a general purpose for in-depth study of III-V
semiconductor NWs growth mechanism and applications. In addition, large area
assembly of NW arrays may apply in the cross bar NWs devices and novel NASICs for
future technology.
Chapter 5 demonstrates the synthesis of InSb NWs by electrochemical deposition
and the optimization of metal contacts on the as grown InSb NWs. After the annealing
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process, InSb NWs have been showing an ohmic contact rather than schottky contacts.
The results show that both an annealing step and using FIB for fabrication may create the
ohmic contacts due to the modification on NW-interface with a better match in terms of
modification of NW crystal structure, local dopant effect and removal of impurity. A four
point contacts method using FIB also enable to determine the contact resistance of 46.3
kΩ and NW resistivity 0.594 Ωcm on 200nm InSb NW. Temperature dependent I-V
characteristics show the conductivity increases with temperature due to carriers and
mobility decrease with the decrease of temperature. This finding is meaningful when
improve the application performance and apply the NW into the practical devices.
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